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Addition of nanopacticles in a base solvent leads to suspensions with enhanced physio-
chemical properties, compared to base solvent. This new type of suspensions is called 
nanofluids, with applications ranging from biomedicine to automotives. As a 
consequence extensive research is being conducted in the field, in particular, on the 
evaporation of these fluids as it leads to well-defined and highly ordered coffee-rings. 
However, the exact physics governing this phenomenon remain elusive. The goal of 
this experimental investigation is to elucidate how various parameters affect the 
progression of nanofluid coffee-stain formation.  
 
Examination of the coffee-ring structuring, produced by the free evaporation of sessile 
droplets containing nanoparticles, revealed an unexpected, disordered region at the 
exterior edge of the ring. A self-assembly mechanism with two components, particle 
velocity and wedge constraints, was proposed to describe the deposition of particles at 
contact lines of evaporating drops. 
 
Environmental pressure was used as a method to control particle crystallinity in the 
coffee-rings. Essentially, evaporation rate and pressure were found to be inversely 
proportional. Macroscopically, lowering pressure led to a transition from “stick-slip” 
to constant pinning. Nanoscopically, lowering pressure promoted crystallinity. 
Findings supported the proposed, in this thesis, particle self-assembly mechanism. 
 
Particle aspect ratio and flexibility were subsequently examined. Pinning strength was 
found to be a function of particle aspect ratio and rigidity, leading to constant pinning. 
The proposed, in this thesis, particle self-assembly mechanism was found to be 
applicable to a variety of aspect ratios and flexibilities. Lastly, particulate crystals grew 
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Chapter 1  Introduction 




The ability of a liquid to wet a solid surface is an everyday phenomenon manifesting 
from rain drops on glass windows or plant leaves to paints, inks etc. Essentially, when 
a droplet of liquid encounters a solid surface it will attempt to minimise its energy and 
reach thermodynamic equilibrium between the three phases acting on the contact line 
(TL) of the droplet. This equilibrium is fundamentally the balance between the 
interactions of the liquid-solid, solid-vapour and liquid-vapour pairs. 
 
Young was the first, back in the 1805, who related this balance of phases with the 
observed contact angle of the liquid front [1], which became the foundation of the 
field. Thorough investigations based on this statement allowed some insight into the 
physics of the phenomenon. For example, in a series of his contributions, de Gennes 
described extensively the motion of a liquid front [2, 3], sparking further research with 
potential applications such as lithography [4], microfluidics [5] and even in the 
formation of polymer films [6], to present but a few.  
 
Energy minimisation or wetting of a liquid-solid-gas system, such as a water drop 
resting on a solid surface, is attained almost instantaneous, compared to the timescale 
of other processes such as evaporation. Typically, evaporation of the liquid should 
occur whenever the liquid molecules at the air-liquid interface have sufficient energy 
to escape and phase change from liquid to vapour. At the same time, the environment 
around the droplet should not be saturated with liquid vapour [7]. 
 




Droplet evaporation may seem simple at first, however it is a relatively complex 
system, which has attracted considerable scientific interest over the past years [8-12]. 
Essentially, droplet evaporation can be summarised as heat and mass transfer between 
the phases in the system. Parameters affecting the process such as wettability [7, 13], 
pressure [14] and temperature [15-17] have been investigated. The addition of 
particulate within the droplet has also attracted considerable scientific interest recently, 
as it enhances the properties of the base fluid [18]. Deegan and coworkers paved the 
way into the evaporation process of colloidal droplets and the patterns left behind [19-
21]. Briefly, particulate pinned the TL of drops, inducing a convective outward flow 
which deposited the rest of the solute at the TL, thus forming coffee-rings [19-21]. 
This pioneering work led to investigations for potential applications in various fields 
such as inkjet printing [22], photovoltaics [23], the production of DNA microarrays 
[24] and even blood diagnosing techniques [25-27], where well defined patterned 
surfaces are required. 
 
Stemming from the above mentioned findings, another area which has recently started 
evolving is the evaporation of nanofluids. Nanofluids are suspensions of particles with 
at least one dimension in the nanoscale (< 100 nm) dispersed in a medium and 
exhibiting enhanced properties compared to the base fluid [18]. Based on their unique 
properties, research into various potential applications ranging from automotives [28], 
industrial [29, 30] and microchips [31, 32] cooling, biomedical and detergents [33]. 
The evaporation of nanofluid droplets was thoroughly investigated both theoretically 
[34, 35] and experimentally [36-40].  





Generally, spherical particles tend to form two-dimensional crystalline structures [41]. 
Therefore, drop drying can be employed as a “bottom-up” assembly technique to 
produce highly-ordered structures, similar to building structures with Lego bricks. 
Investigation into the exact structuring of particles within ring-stains showed that the 
particles tend to self-assemble within in sequential hexagonal and square packed 
regions with deposit thickness, in an attempt for particles to achieve the densest 
possible packing [42-46] . Some irregularities were also reported in terms of 
disordering at either the exterior [47, 48] or the interior [49] of the rings. 
Understanding the physics behind particle ordering within well-defined patterns could 
have potential biosensing [50, 51], optical [52, 53] applications and surface patterning 
applications such as lithography [54-56]. 
 
Although the applicability of the drop drying technique as a method to produce well-
defined and ordered structures on surfaces cannot be disputed, still the dynamics 
governing the evaporation process and in extension the self-assembly of particles, 
remain somewhat elusive. It is the purpose of this thesis to present, analyse and discuss 
how a number of parameters affect the evaporation process of a nanofluid droplet and 
its resulting nanostructures. Hence, this thesis is divided in the following 8 chapters:  
In chapter 1 and 2, the relevant theoretical background in wetting, droplet evaporation 
and particle self-assembly into ordered structures is discussed. These chapters should 
provide the reader with the necessary knowledge in order to understand the concepts 
discussed in this thesis. 





In chapter 3, a detailed description on the preparation of the surfaces, particles, and 
suspensions used in this experimental study are presented. Additionally, the 
experimental processes and apparatuses are presented. 
 
In chapter 4, insight into the effect of monodisperse nanoparticles on the coffee-ring 
formation mechanism is provided. In detail, the evolution of the evaporation is 
analysed and discussed. Nanoscale investigations unveiled particle nanostructuring 
tendencies near the edge of the coffee-ring and an unexpected disordered region at the 
edge of the coffee-stain. Increasing evaporation rate was found to promote particle 
crystallinity. Combination of experimental data with theoretical arguments allowed the 
proposition of a tentative particle self-assembly mechanism within coffee-rings. 
 
In chapter 5, the effect of environmental process on coffee-stain formation mechanism 
is thoroughly examined. Pressure increases the evaporation rate of the droplet which 
induces a stronger outward flow and hence particle deposition rate. In turn, increased 
deposition rate results in promotion of droplet pinning. Quantification of the hysteretic 
energy barrier of each droplet shows a direct relation between evaporation/deposition 
rate and pinning strength. At the nanoscale, increase in deposition rate promoted 
crystallinity until a threshold pressure value. These findings further support the 
proposed particle self-assembly theory proposed in the previous chapter. 
 




In chapter 6, a comparison of particle shape on the evaporative behaviour, resulting 
coffee-stain patterns and particle self-assembly behaviour is conducted. A wide variety 
of shapes categorised according to aspect ratio were studied, the actual particles being 
nanospheres, carbon nanotubes and graphene platelets. Increasing aspect ratio, 
promoted the pinning of the droplets. Nanoscopic examination of the resulting 
patterns, revealed that all particle shapes follow the previously proposed self-assembly 
mechanism granting it a universal character. 
 
In chapter 7, the effect of particle flexibility on the evaporation process of droplets and 
on the deposition patterns is illustrated. Two different, in length, DNA strands were 
chosen, one  above (flexible) and one below (rigid) its persistence length. Results show 
that particle flexibility plays a major role on the evaporation process, resulting ring-
stains and particle structuring within. Quantification of energy barriers pinning each 
case exhibit an inverse relation between flexibility and pinning strength. At the 
nanoscale, flexibility promotes particulate alignment at the TL and affects crystal 
patterns. 
 
In chapter 8, we conclude the findings of this experimental study. With consideration 
of these closing remarks, future work is also suggested to answer questions raised by 
this experimental study.  





Chapter 2 Theoretical background 




2.1. Wetting and droplet shape 
 
Wetting is an everyday phenomenon, which can be defined as the ability of a liquid to 
wet/spread on a solid surface or another immiscible liquid. Manifestation of this 
phenomenon is ubiquitous in everyday life, from drops of rains resting on glass 
windows to inks and crops spraying. Given its ubiquitous nature the understanding of 
the complex physics behind this system could provide useful to various applications 
[18]. 
 
Fundamentally, wetting is the balance between the three phases, solid-liquid-vapour, 
acting on the interface of a liquid front resting on a solid surface. The liquid front will 
attempt to minimise its energy or attain thermodynamic equilibrium between these 
three phases. Depending on this balance, the liquid will either completely wet, 
corresponding to 𝜃 = 0𝑜 , dewet, corresponding to 𝜃 = 180𝑜  or partially wet, 0𝑜 <
𝜃 < 180𝑜 the surface. At equilibrium, the balance between the gas-liquid, 𝛾𝐺𝐿, liquid-
solid, 𝛾𝐿𝑆, and gas-solid, 𝛾𝐺𝑆, surface tensions should dictate the shape of the droplet 
and the contact angle, 𝜃, shown in Figure 2.1. Young was the first that related 𝜃 and  
the three phases in a statement in his essay about the cohesion of fluids [1]. The 
mathematical description of Young’s statement is widely attributed to Dupré [57]:  
𝜸𝑮𝑳𝒄𝒐𝒔𝜽 = 𝜸𝑮𝑺 − 𝜸𝑳𝑺  (2.1) 
 





Figure 2.1: Schematic illustration of a sessile drop deposited on a solid surface, 
showing the three surface tensions acting on the TL and the corresponding 
contact angle, 𝜽, and radius, 𝑹. 
 
Provided that the droplet is sufficiently small, i.e. radius, 𝑅 , is smaller than the 
capillary length of the liquid, 𝜅−1 = √𝛾/𝜌𝑔 where 𝛾, 𝜌 and 𝑔 are respectively surface 
tension, density and gravitational acceleration, then gravitational effects can be 
neglected and the droplet attains the shape of an axis-symmetric spherical cap, termed 
sessile drop. 
 
2.2. Contact angle hysteresis 
The value of the contact angle of a droplet is indicative of the wetting of a surface from 
a liquid, and is related to both compositional [58-60] and topographical [61-63] surface 
heterogeneities. Since most solids are never truly homogeneous, the surface defects 
interfere with the TL, making it difficult to determine the exact contact line of the drop. 
Assuming that  𝜃 lies somewhere between the advancing, 𝜃𝑎 , and receding, 𝜃𝑟, contact 
angle, 𝜃𝑎 > 𝜃 > 𝜃𝑟, we can thus calculate the contact angle or wetting hysteresis, 𝐻 =
 𝜃𝑎 −  𝜃𝑟  [64]. An example of 𝜃𝑎 and 𝜃𝑟  is given in Figure 2.2 (a, b), respectively. 
Contact angle hysteresis can vary widely between small values of ~ 2o [65], which can 
be considered to be within experimental error, to larger values of 10o [66, 67]. 





One of the first theoretical attempts to describe contact angle/wetting hysteresis was 
developed by Joanny and de Gennes [2];  albeit for the simple case of a straight liquid 
front. Initially, they developed a model accounting for the liquid front encountering a 
single, spherical defect which anchored the TL. Due to the anchoring, the TL deformed 
around the defect and returned to linearity away from it, as seen in Figure 2.2 (c). 
Subsequently, this model was developed further in order to incorporate a larger 
number of defects varying in size and geometry. Eventually, they successfully 
described the case of surface roughness. Later, de Gennes based on this model, 
developed a theory describing in depth the wetting of solids on liquids [3], which 
became the basis for considerable research in this area and resulted in the description 
of more complex cases [68-71]. 
 
 
Figure 2.2: Schematic representation of an advancing (a) and a receding (b) liquid 
front and the corresponding angles and (c) TL anchoring on a spherical defect. 
Adapted from [3]. 
 
A model was later developed in order to assess the effect of a single and two defects, 
seen in Figure 2.3 (a) and (b) respectively, on a slightly deformed axisymmetric drop 




[72]. This model also allowed the prediction of the shape and the contact angle of the 
drop. However, considering the complexity of the system, gravitational effects were 
neglected and only small contact angles were considered. Still, this model could be 
applied in a number of systems of sessile drops, in which gravitational effects are 




Figure 2.3: Schematic illustration of the deformation of an axisymmetric droplet 
from (a) a single and (b) two defects of different sizes. Dashed lines correspond to 
equilibrium shape. Image adapted from [23]. 
 
2.3.  Pure liquid sessile droplet evaporation 
Having established the fundamentals of droplet shape and contact angle hysteresis we 
will now describe the process of the evaporation of sessile droplets, which is the main 
focus of this thesis. Essentially, if the environment around the droplet is not saturated 
with the liquid of the droplet, then evaporation occurs. During evaporation, molecules 
are transferred from the liquid surface to the surrounding atmosphere. Experimental 
observations of the evaporation of organic liquids resting on polymer surfaces revealed 




three distinct evaporation modes [9], which are schematically presented in Figure 2.4. 
These three modes are:  
1. Constant contact angle, CCA. The droplet evaporates with a constant shape 
(height over radius aspect ratio). The constant shape results in constant angle 
and decreasing radius. This evaporation mode is considered as the ideal 
evaporation behaviour. In particular, both the advancing, 𝜃𝑎 , and receding, 𝜃𝑟, 
contact angle are equal; absence of any contact angle hysteresis. The actual 
drop shape is dictated only by the surface tension balance acting at the TL.  
2. Constant contact radius, CCR. The droplet evaporates with a constant contact 
area and hence radius, due to TL pinning/anchoring. Simultaneously, contact 
angle is constantly diminishing in order to accommodate the volume loss. This 
mode of evaporation originates in contact angle hysteresis. 
3. Mixed mode. Evaporation occurs with either or both contact angle and radius 
decreasing. One of the most common behaviours is that of an initial CCR stage 
until the contact angle attains the value of the receding contact angle, 𝜃𝑟, at 
which point evaporation enters a CCA regime.  
 





Figure 2.4: Schematic representation of the three evaporative modes: Constant 
contact angle, CCA, constant contact radius, CCR, and the mixed one with 
characteristics of both modes. Dashed lines represent the droplet profile soon 
after t0. 
 
A drying pure water droplet exhibited an evaporative behaviour  with alternating 
cycles of CCR and CCA, as seen in Figure 2.5 [8] Initially, during period (t0-t1), the 
droplet evaporates under the CCR regime. Upon 𝜃 attaining the value of the receding 
contact angle, 𝜃 = 𝜃𝑟, then the evaporation enters the CCA mode, period (t1-t4), until 
it finally enters a second CCR mode until full evaporation (t4-t5) [8]. 
. 
 





Figure 2.5: Evaporation stages of a pure water drop resting on a smooth, flat 
surface. Image taken from [8]. 
 
Picknett and Bexon further investigated this unexpected evaporation behaviour both 
theoretically and experimentally [9]. Experimentally, they investigated the 
evaporation of a methyl acetoacetate drop which exhibited three distinct evaporation 
modes: the CCR and CCA, as discussed above, and a mixed mode as discussed above. 
They also developed a theory in order to predict the mass loss/ evaporation rate and 
droplet lifetime of sessile droplets evaporating under either the CCR or the CCA 
regime. The theory was based on Maxwell’s equation describing the evaporation of a 
sphere in an infinite medium, where an analogy between diffusive flux and 
electrostatic potential, as both satisfy Laplace equation, was used: 
𝑑𝑊 𝑑𝑡 = −4𝜋𝐷𝑟(𝑐0 − 𝑐𝑖)⁄        (1.2) 
, where 𝑑𝑊 𝑑𝑡⁄  is mass rate change of the drop, 𝑅 is the radius, 𝐷 is the diffusion 
constant of the vapour in air, and 𝑐0 and 𝑐𝑖 are vapour concentration close and away 
from the sphere respectively. Theoretical results were in good agreement with 
experimental ones and with results from the literature. Interestingly, liquid mass loss 
rate was reported to be a function of both contact angle and radius [9].  





Birdi et al., shed further light into the evaporation of pure liquid sessile drops [10]. 
Experimentally, they measured the evaporation rate of a water drop by measuring the 
weight loss over time. The evaporation rate of the water droplet was found to be linear 
over time, meaning that the process is stationary. Experimenting with different 
substrates and liquids revealed a relationship between evaporation rate and surface 
wetting.  Notably, wetting contact angles, 𝜃 < 90𝑜, exhibited linear evaporation rates 
whereas non-wetting liquids, 𝜃 > 90𝑜, showed non-linear rates [10].  
 
Bourgès and Shanahan extensively studied the evaporation of pure liquid sessile 
droplets on polymer surfaces [7, 13]. Aspects such as surface roughness and 
atmospheric conditions (saturation of atmosphere around the droplet with liquid 
vapour) and a number of different liquid-solid pairs were probed. In most cases, the 
droplets evaporated following the three distinct modes  reported previously by Picknett 
and Bexon [9]. As demonstrated in Figure 2.6, during stage I and II, the droplet 
evaporated under the CCR regime. The difference between these two stages is the 
saturation of the atmosphere with vapour during stage I. It should be noted that during 
this stage all measured quantities  (diameter, 𝑑, height, ℎ, contact angle, 𝜃) remained 
constant, while they followed the typical CCR when the atmosphere was no longer 
saturated. Once 𝜃 = 𝜃𝑟  (with the value of  𝜃𝑟   measured separately by slowly 
withdrawing liquid with a syringe), the evaporation entered stage III. In this stage 
evaporation followed the CCA regime. Eventually, the droplet shrank to such an extent 




that shape could no longer be followed, giving rise to the erratic behaviour of stages 
IV. 
 
Figure 2.6: Evolution over time of (open square) diameter, d, (dark square) 
height, h, and (triangle) angle, 𝜽, for a pure water droplet. Image taken from [7]. 
 
Surface roughness was found to be significant as the topographical defects of the 
surface anchored the TL and led to evaporation under mainly CCR, stage I, and 
disappearance of stage II or the CCA evaporation mode. Afterwards, Bourgès and 
Shanahan developed a model describing the evaporation process which compared well 
with the literature. At this point, we should note the different evaporation behaviour of 
a drop of n-decane drying on a Teflon surface. Essentially, during the third stage of 
the evaporation (stage III), which in this particular case was more prolonged, 
evaporation followed alternating cycles of CCR and CCA, before finally entering the 








Figure 2.7: Schematic illustration of the “stick-slip” mechanism. Moving from 
the  equilibrium stage (a) to the pinned stage (b) the evaporation evolves under 
the CCR regime, with the height, 𝒉, and the contact angle, 𝜽,decreasing. Upon 𝜽 
reaching a lower critical value, the TL jumps to a new, smaller position, 𝒓 − 𝜹𝒓, 
with 𝒉  and hence 𝜽  increasing (c), (d) where it is pinned again and the 
evaporation proceeds as in (b) with the new initial radius of 𝒓 − 𝜹𝒓 . Image 
obtained from [73]. 
 
Shanahan formulated a simple model describing the “stick-slip” motion of the TL of a 
drying drop [73]. Certain assumptions were made in order to simplify the problem: 
initial contact angle was smaller than 90o and the droplet was assumed to be a sessile 
droplet, which as described above is small enough for gravitational effects to be 
negligible, of an axisymmetric spherical cap shape, as seen in Figure 2.7 (a). As the 
environment around the droplet is not saturated with solvent vapour, evaporation 
occurs. However, the TL is pinned, perhaps as a result of a surface heterogeneity, 
which leads to a period of CCR evaporation (Figure 2.7 (b)), corresponding to a “stick” 
period. The pinned TL and the corresponding decrease in 𝜃, indicate that the droplet 




is not in thermodynamic equilibrium, therefore an excess free energy should build up 
due to contact angle hysteresis [67, 73]. Once the contact angle reaches a lower critical 
value, the excess free energy accumulated in the system should be sufficient for the 
system to overcome the anchoring of the TL. At this point, a sudden and instantaneous 
(when compared to droplet lifetime) “slip” event occurs and the TL retracts to a new 
and energetically more favourable position, potentially indicative of the hysteretic 
energy barrier pinning the TL, Figure 2.7(c). The droplet then continues drying, with 
alternating cycles of “stick-slip”. A mathematical description of the excess free energy 
per unit length, 𝛿?̅?, accumulating in the system was also proposed, which accounted 






       (1.3) 
, where 𝜃0 corresponds to initial contact angle of the “stick” cycle. The importance of 
this equation lies to the fact that it is an indirect way of quantifying the hysteretic 
energy barrier pinning the droplet; at the moment of TL “slipping” the excess free 
energy should be equivalent to the pinning barrier [73]. The simplifying assumptions 
made in order to produce this mathematical description were the following: 
axisymmetric and sessile drop was considered to be resting on a flat smooth surface 
(surface roughness considered much smaller than droplet radius) and the contact angle 
ranged from 0o to 90o. An attempt to refine this model by incorporating some of these 
effects was discussed in detail elsewhere [74].  
 




More recently, a study on the TL motion kinetics of drying ethanol drops yielded some 
rather interesting results [75]. The pinning barrier was calculated with a slightly 
modified version of the theory proposed in [73]. In this new equation, 𝛿?̅? is written as 
a function of 𝛿𝜃 as this quantity decreases physically during either a “stick” event or 




        (1.4) 
𝛿?̅? was found to be in the order of 10-7 N per unit length. This value lies somewhere 
between the experimental and predicted value of line tension and is of similar units 
[74, 76]. We can only speculate at this point that line tension effects and pinning barrier 
are related. 
 
As the process of evaporation is fundamentally the exchange of molecules between the 
liquid surface and the environment, various parameters should affect it. For example, 
lowering the environmental pressure resulted in an increase in the diffusion of the 
evaporating molecules into the surrounding atmosphere and hence  lead to increasing 
evaporation rate [14]. Increasing substrate temperature reduced the interfacial surface 
tensions and hence the Young’s forces acting on the TL. Therefore, these weakened 
forces could not  overcome the adhesion forces opposed on the TL due to surface 
roughness effect [15]. In a similar manner, surface roughness was found to increase 
the contact angle hysteresis which, in turn, promoted the TL pinning stage (CCR 
behaviour) of the evaporation process [77]. Artificial defects, i.e. pillars, were found 
to have the same effect; albeit for stick-slip or oscillating TL motion. The actual 
number of oscillations was found to be directly related to the size of the pillar and 




attributed to the increasing pinning barrier the barriers impose on the TL [78]. On the 
other hand, the systematic study of the effect of substrate pores on droplet evaporation 
behaviour yielded two notable results. The degree of pore ordering and evaporation 
rate were found to be inversely proportional, as droplet spreading increased and hence 
the actual contact angle decreased which resulted in increasing evaporation rates [79]. 
Lastly, substrate hydrophobicity was found to be directly related to droplet lifetime 
due to the fact that contact angle and evaporation rate are inversely proportional [36, 
80]. 
 
2.4. Colloidal droplets evaporation – coffee-stain effect 
In their pioneering work, in 1997, Deegan et al. unveiled the underlying mechanism 
governing the everyday phenomenon of “coffee-stain” formation, by studying the 
evaporation of a suspension droplet containing microspheres. Essentially, the 
microspheres enhance CCR evaporation by increasing the pinning of the TL and result 
in the formation of a deposit at the periphery of the droplet or a “coffee-stain”, 
presented in Figure 2.8  [19]. 
 





Figure 2.8: Coffee-stain deposit resulting from the evaporation of a microspheres 
drop evaporating under the CCR mode. Image obtained from [21]. 
 
 In follow-up works, Deegan et al. complemented further experimental evidence with 
theoretical arguments which led to the first plausible description of the “coffee-stain” 
phenomenon [20, 21]. In more detail, the anchoring of the TL due to a surface defect, 
i.e. contact angle hysteresis, induces an outwards fluid flow from the bulk of the 
droplet in order to replenish the evaporated liquid at the periphery and keep the liquid 
front constant. Since particles are suspended in the droplet, the outwards flow carries 
and deposits the particles at the periphery (TL). Particle deposition promotes the 
pinning of the TL, as the liquid front now has to overcome both the surface defect and 
the particle deposit. As the deposit grows in size, the TL cannot de-pin, leading to the 
formation of a single ring-stain, Figure 2.8. Based on this mechanism, a series of 
different ring-stain patterns were produced [21]. Evaporation flux distribution on 
droplet surface was found to be irregular. In more detail, the evaporation rate, at the 




periphery, was found to be much higher than at the rest of the droplet. To support this 
claim, three identical droplets were left to evaporate. The first droplet evaporated 
freely, the second was placed on a pedestal and was surrounded by water and the third 
was covered by a box with a hole directly above the top/middle of the drop. The first 
two cases left behind a ring-stain pattern (similar to the one seen in Figure 2.8). 
However, the third one, left behind a uniform disk-like pattern, as a result of 
suppressing evaporation at the drop’s periphery due to the hole above the apex of the 
drop and hence the only possible path for the liquid vapour to escape. These findings 
are indicative of evaporation flux increasing greatly at the periphery due to a greater 
probability of an evaporating molecule to evaporate at the droplet edge than in the 
centre [20]. A theory was then developed, describing the evaporation process, in which 
evaporation rate was found to be proportional to the radius, R [20]. Results from this 
theory were found to be in agreement with those reported in [10] for pure liquids.  
 
These findings peaked scientific interest over the past few years and numerous 
investigations soon followed. For example, further experimentations with droplet 
evaporation allowed the development of a numerical approximation of the process 
[12]. This approximation was then complemented with computer simulations, leading 
to the refinement of the theory proposed by Deegan et al. [20], incorporating the effect 
of a wide range of contact angles, 0° < 𝜃 < 90° [12], which was further refined in a 
later contribution [81].  
 




The more complex evaporation behaviour of “stick-slip” produced distinctive patterns, 
as the exemplary one shown in Figure 2.9. Adachi et al., were amongst the first who 
reported the formation of a series of particulate stripes resulting from the drying of 
suspension drops. The number of stripes was found to be dependent on particulate 
concentration [82]. In a more recent contribution [83], the addition of nanoparticles in 
a droplet led to the formation of a series of concentric rings with a preferential, one-
sided pinning, seen in Figure 2.9. This one-sided pinning of the droplet was reported 
to be rather random and was attributed to surface defects. This issue was not pursued 
further as the surface defects were measured with white light interferometry to be in 
the order of a few nano-meters, making them almost impossible to identify and 
experiment with. In the same contribution, the pinning barrier was quantified and 
found to be in the order of magnitude of 10-7 N per unit of TL length, using Equation 
1.3. Elsewhere, the energy barrier value for the first jump of a “stick-slip” nanofluid 
system was calculated using both Equation 1.3 and 1.4 and was reported to be in the 
same order of magnitude for nanofluid concentrations up to 0.1 % wt. The comparison 
of the two showed some small discrepancies, but of similar order of magnitude, 
attributable to uncertainties in the experimental measurement of 𝛿𝜃 and 𝛿𝑅 [36]. 
 





Figure 2.9: Characteristic pattern resulting from the evaporation of a 
nanosuspension droplet under the “stick-slip” mode. Image obtained from [83]. 
 
 
Various parameters affecting the evaporation process and especially the resulting ring-
patterns were considered. For example, surface hydrophobicity, and hence contact 
angle since the two are directly linked, was reported to be inversely proportional to 
droplet lifetime [15, 84]. Elsewhere, increasing contact angle and hence 
hydrophobicity resulted in a transition in the evaporation behaviour from CCR to 
“stick-slip” [36, 85]. Controlling the evaporation rate was found to be of paramount 
importance to the evaporation process and the resulting pattern. Humidity, one of the 
parameters affecting evaporation rate, was reported to be inversely proportional to 
evaporation rate; a dictating factor of droplet spreading and hence resulting pattern 
[86, 87].  
 




2.5. Particle self-assembly within ring-stains 
For the purposes of this thesis, particles are divided mainly into two categories: hard 
and soft. Polymers and DNA molecules can be considered as soft/flexible objects, 
whereas rigid particles like colloidal spheres, carbon nanotubes (CNTs), etc. can be 
considered as hard ones. 
 
2.5.1. Hard objects self-assembly 
 
Particles within the ring-stain deposits typically form ordered crystalline structures. 
As the shape of spheres is the easiest to realise mathematically, they have been 
extensively used in droplet evaporation experiments with anchored, CCR [49], or 
intermittently moving, “stick-slip” [83], contact lines. 
 





Figure 2.10: (a) Order to disorder transition in the self-assembly behaviour of 
spherical particles within a ring deposit. (b) Magnification of the area inside the 
box in (a). Droplet centre lies to the right in both images. Image adapted from 
[49]. 
 
The formation of particle terraces, which is indicative of ordering, was predicted for 
nanosuspension droplets, using lubrication theory and accounting for particles as 
structural disjoining pressure [35]. Experimental observations on linear liquid fronts, 
i.e. meniscus between a solid cylinder and the liquid or between a solid surface 
immersed in a pool of evaporating liquid, allowed the description of the deposition 
mechanism. Initially, the first particles arriving at the TL deposit themselves as close 
to the actual liquid front as their diameter and wedge area allow. With evaporation, 
more particles should arrive at the TL and self-assemble into the densest possible 
packing in the wedge constraints resulting in sequential hexagonal and square packed 




regions. Eventually the deposit grows away from the wedge constraints and particles 
form mainly hexagonal structures [43, 47, 88-92]. These observations are important as 
they can explain the self-assembly behaviour of the particles in the region near the 
edge of the coffee-ring presented in Figure 2.10. Interestingly, an order to disorder 
transition can also be identified in the same figure further away from the periphery and 
toward the interior of the deposit (right side of Figure 2.10 (a)). This transition was 
attributed to the “rush hour” effect. Essentially, the flow, and hence particle velocity, 
increase over time. At a given critical time, 𝑡𝑐 shown in Figure 2.11, the flow velocity 
increased rapidly, thus allowing little time for particles to self-assemble to their 
energetically favourable positions. Based on these experimental observations the 
authors then developed a hydrodynamic model describing the process [49]. 
 
 
Figure 2.11: Origin of the order-to-disorder transition. Plot of measured (circle) 
and predicted (solid line) radial particle velocity versus time. Both model and 
experiment show the dramatic velocity increase at the end of the droplet’s life 
(the rush hour). The inset shows the direction of the radial velocity in the droplet. 
The time 𝒕𝒄 at which the order-to-disorder transition occurs is determined from 
experiments. Image adapted from [49]. 
 




Particle shape and size was found to be significant in the coffee-stain formation and in 
particle structuring. For example, polydisperse nanospheres led to irregular ring-stains 
[93]. Elongated particles, on the other hand, negated the coffee-stain mechanism and 
formed a uniform particulate layer [94-96]. In essence, ellipsoids tend to form loosely 
packed aggregates at the liquid-air interface which strongly attract the rest of the 
ellipsoids forming aggregates and distorting the interface. Thus, the coffee-stain 
phenomenon gets supressed. However, the addition of surfactant (SDS) restored the 
stain formation mechanism, by lowering the surface tension of the drop and hence 
making these interfacial distortion less energetically demanding and at the same time 
retarding the strong inter-particle interactions [94]. 
 
Particle shape dependent structures were also reported for evaporating nanofluids 
containing nanoparticles of various geometries [97]. Other irregular particles such as 
nanorods assembled into superlattices with clear particles arrays [98] and ribbon like 
structures [99]. Carbon nanotubes (CNTs), exhibited their own unique structuring 
behaviour within coffee-stains, presented in Figure 2.12 [100-104]. At a narrow area 
near the TL, CNTs align themselves parallel to the liquid front due to wedge 
constraints and the flow, in an attempt to achieve the densest possible packing. Moving 
toward the interior, the wedge constraints are felt weaker by the particles, thus 
allowing them to orient, to some degree, to the flow, leading to the formation of a 
transition region. In this region, particles exhibit a mixture of perpendicular and 
parallel to the TL assemblies. Further away from the periphery, where the wedge 




constraints can no longer be felt, CNTs form assemblies mainly perpendicular to the 
TL as they align to the flow [100, 102]. 
 
 
Figure 2.12: CNTs self-assembly behaviour at the edge of a dried droplet. Scale 
bar indicates 1 µm. Image taken from [100]. 
 
2.5.2. Soft object self-assembly 
A series of molecules can be considered as soft objects. For example, polymers are 
rather flexible molecules with persistence length being the measure of their rigidity. 
Above this length polymers are considered flexible and below this length rigid and 
rod-like. Polymers can self-assemble into a variety of different structures. Poly- 
ethylene oxide (PEO) can form a series of crystalline structures. Due to diffusion-
limited aggregation [105], PEO forms finger-like or dendrite structures [106]. 
Molecular weight and temperature were reported to lead to various other PEO nano-
structures such as facets, dendrites and seaweed [107] or even labyrinths [108], 
presented in Figure 2.13. Elsewhere, isotactic polystyrene formed similar patterns 
[109, 110]. 





Figure 2.13: AFM topography images of various PEO nanostructures. Image 
obtained from [107]. 
 
Various bio-molecules with similar characteristics to polymers can also be considered 
as soft objects. DNA is a natural polymer, consisting of a number of monomer units, 
named base pairs (bp) of the four nucleotides Adenine, Thymine, Guanine, Cytosine 
[111]. It is a rod-like molecule with a diameter of approx. 2 nm and various lengths, 
depending on the number of bp and has a persistence length of approx. 50 nm [112-
114]. The self-assembly of very short, in the order of 2 - 7 nm, and hence rigid DNA 
rods, led to the formation of nematic and columnar liquid crystals indicative of end-
to-end stacked aggregates [114]. Increasing the concentration of these short DNA 
molecules led to the appearance of some dendritic structures [114]. On the other hand, 
very long and hence flexible DNA strands were reported to form zig-zag self-assembly 
patterns within coffee-rings [113]. Elsewhere, similar zig-zag patterns within 
concentric rings were produced by collagen which is similar in shape to DNA [115]. 




However, little information is known on the self-assembly process of DNA strands, 
with lengths between 20 bp and 1000 bp, at the TL of drying drops containing them. 
 
Lastly, graphene is a novel, 2D, carbon honeycomb structure, and its shape can be 
described as an atomically thin platelet, giving graphene high flexibility. Novoselov 
and co-workers, were the first who successfully managed, in 2004, to mechanically 
exfoliate a graphene flake from graphite using scotch-tape. This new material was 
found to have astonishing electrical properties [116]. As its full potential is still 
unknown, graphene has attracted considerable attention for applications varying from 
biotechnology and medicine [117-121] to optoelectronics [116, 122-124]. The 
evaporation of droplets containing graphene platelets of different sizes, resulted in the 
formation of a coffee-stain for larger particles or a uniform disk for smaller ones. These 
two different behaviours were attributed to platelet surface activity. In essence, the 
larger the platelet, the highest the surface and hence particle charge density, resulting 
in higher hydrophilicity [125]. Patterns typical to “stick-slip” evaporation were also 
reported when drop drying was used as a means to separate the platelets [126], 
following the example of sorting spheres of various sizes in evaporating drops [127]. 
However, the evaporation dynamics and the self-assembly mechanism were not 
considered. 





Chapter 3    Experimental methodology 
and techniques 
  




3.1. Fluids and substrates preparation 
3.1.1. Pure fluids 
Deionised water and ethanol were used for the preparation of solutions for this study. 
Deionised water was obtained from a Barnstead NANOpure© DiamondTM (Thermo 
Scientific, Waltam, MA) analytical ultrapure water dispensing system with a 
conductivity of 18.2 × 106 Ω/cm. Analytical grade ethanol was used as purchased 
from Sigma Aldrich (St. Luis, MI). 
 
3.1.2. Nanofluids 
Various nanofluids were used in this study. Spherical, non-porous SiO2 nanospheres 
of ca. 80 nm diameter were acquired from Klebosol (AZ Electronic Materials France 
SAS, Trosly Breuil, France) in concentrated aqueous solutions and were diluted to 
0.075, 0.1 and 0.125 % wt. concentration with the addition of deionised water. Pristine, 
monolayer graphene flakes were acquired from graphene-supermarket.com suspended 
in an ethanol solution with a concentration of 0.1 % wt. In all of the above solutions, 
no additives such as salts or surfactants were added. Prior to use, each solution was 
sonicated for about 30 minutes in order to fully disperse the solute. Two different in 
length plasmid DNA strands, No limits 100 base pairs (bp) and 1000, with length of 
34 and 340 nm respectively, were acquired from Thermo Scientific (Waltam, MA) in 
powder form. Strands were diluted in pure deionised water and in a water solution 
containing 1mM Ethylenediaminetetraacetic acid (EDTA) to a final concentration of 
0.01 % w/v. Prior to use, each solution was stirred with a vortex mixer until all of the 
solute was completely dissolved (identified by visual inspection). 






Table 3.1: Water and ethanol equilibrium contact angles, 𝜽𝟎,  and roughness, 
𝑹𝒓𝒎𝒔, of the two substrates used in this study. 
Substrate 𝜃0 with water 𝜃0 with ethanol Roughness, 𝑅𝑟𝑚𝑠 
(nm) 
Silicon ~55o <5o 0.112 
Teflon© ~115o ~50o 0.723 
 
One of the main parameters of contact angle hysteresis is surface defects whether those 
may be chemical or topographical. For that reason, we used in this study smooth and 
flat substrates of two different degrees of hydrophobicity, one hydrophobic and one 
more hydrophilic. The more hydrophilic substrates were silicon wafers with a native 
oxide layer. The hydrophobic substrates were silicon wafers which were spin coated 
with a thin ~22 nm thin layer of Teflon©. Spin coating was conducted under nitrogen 
environment to limit contaminants and each wafer was afterwards annealed at 300oC. 
Each wafer was cut into 1 × 1 cm2 square tiles in order to be able to mount on the 
AFM. All wafers were prepared from our collaborators in the Scottish 
Microelectronics Centre. Prior to use, each tile was cleaned for a minimum of 10 
minutes in an iso-propanol ultrasonic bath and then rinsed with deionised water and 
blow-dried using a jet of compressed air. The contaminants included in the compressed 
air supply had small impact on the cleanliness of the substrates, as only slight changes 
in contact angle were observed for more than 20 experiments in each case. Moreover, 




AFM imaging did not reveal any contaminants, so it is safe to assume that the above 
mentioned cleaning process is sufficient. Typical AFM images of both substrates along 
with their corresponding height profiles are presented in Figure 3.1. Some striations 
can be readily identified in Figure 3.1 (b), which could be attributed to the small size 
of the features (𝑅𝑟𝑚𝑠 = 0.112𝑛𝑚) being near the AFM resolution. However, these 
striations should have a negligible effect on particulate epitaxial deposition. Root mean 
square roughness, 𝑅𝑟𝑚𝑠, and equilibrium contact angle, 𝜃0, for each substrate used, 
were determined by averaging data from more than 20 substrates measured using the 
AFM and DSA techniques, respectively, and are summarised in Table 3.1. 𝑅𝑟𝑚𝑠 was 
determined using a special function of the software Scanning Probe Image Processor 
(SPIP, Image Metrology, Hørsholm, Denmark).  
 
 





Figure 3.1: Typical 10 × 10 μm2 topography image of (a) PTFE and (b) Silicon 
substrate and (c) their corresponding height profiles. Root mean square 
roughness (Rrms) is included in images. 
 
3.2. Experimental techniques 
The two main experimental techniques used in this study are Drop Shape Analysis and 
Atomic Force Microscopy. The first one was used in order to record and extract the 
evolution of the droplet profile over time and the second one in order to characterize 
the nano-structures within the resulting ring-stains. Other techniques such as pendant 




drop and zeta potensiometry were also used, to a less extent, in order to establish 
various fluid parameters such surface tension and stability respectively. 
 
3.2.1. Drop shape analysis 
A Krüss DSA100 (Krüss GmbH, Hamburgh, Germany) drop shape analyser (DSA) 
was used to deposit droplets and record their evaporation evolution over time. The 
DSA was equipped with an automated, motorised dosage system that allowed precise 
control on the volume and deposition of droplets. The CCD camera of the DSA, in 
combination with a back light to provide better contrast, allowed the recording of the 
droplet profile during evaporation (in terms of volume, contact angle and contact 
radius).  In addition, a custom-made low-pressure chamber (with a lower limit of 40 
mbar) allowed experimentations under controlled environment (pressure, humidity). 
When the chamber was mounted on the DSA, windows on both sides of the chamber 
allowed the camera of the DSA to record the evolution of the drop profile over time. 
The DSA was connected to a PC and all controls, recording and analysis were 
conducted using the dedicated software DSA1 v1.9.  
 
The deposition process is as follows: pre-cleaned substrates were placed directly below 
the electronically control dosage system of the DSA. Using this system, a 3 µL droplet 
was produced at the needle tip and then carefully lowered to the substrate until gentle 
touch, at which point the needle was removed. A sequence of frames was then captured 
varying in number according to the speed of evaporation. Typically, approximately 




400 frames were recorded for droplets evaporating at ambient conditions and 
approximately 100 frames for droplets evaporating rapidly under 100 mbar pressure. 
Frame rate per second was adjusted in accordance with evaporation speed in each case. 
Ambient conditions should be considered 1000 mbar pressure, ca. 30 % relative 
humidity and 22o C. Subsequently, the frame sequences were analysed using the DSA1 
v1.9 software. Analysis allowed the determination of the droplet profile in terms of 
contact angle, 𝜃 , contact radius, 𝑅 , and volume over time, 𝑡 . Droplet profile 
determination was achieved by the circle fitting method as the substrates used in this 
study are rather hydrophobic, 𝜃 > 50𝑜. 
 
3.2.2. Pendant drop technique 
The pendant drop technique is a way of determining the gas-liquid, 𝛾𝐺𝐿 , surface 
tension of a fluid. During this process, a liquid droplet is formed at the tip of a syringe 
and its size is slowly increased until dropping off the syringe. In principle, this 
interplay between the interfacial forces keeping the droplet attached on a syringe and 
gravitational forces pulling it down allow the determination of 𝛾𝐺𝐿. The apparatus used 
for these measurements was a First Ten Angstroms FTA100 (Portsmouth, VA). An 
average value of 20 measurements was taken for each solution in question at approx. 
15o C. The results are presented in Table 3.2. As all the DNA suspensions showed 












Table 3.2: Average gas-liquid surface tension and ζ-potential of silica-water and 
graphene-ethanol nanofluids. 
nanofluid average 𝛾𝐺𝐿 (mN/m) average ζ-potential (mV) 
SiO2 in water 73.11±0.6 −30.63 ± 1.64 
Graphene in ethanol 22.34±0.8 −21.88 ± 1.72 
DNA suspension 74.82±0.54 - 
 
3.2.3. ζ-potentiometry 
In order to further understand the evaporation kinetics and particle deposition patterns 
in freely evaporating nanofluid droplets, we measured their ζ-potential. ζ-potential is 
indicative of the stability of a colloidal suspension. In principle, it is a quantification 
of the interaction of charged particles when an external field is applied. These 
measurements were carried out using a ZetaPALS or Zeta Potential Analyser from 
Brookhaven Instrument Corporation (BIC, Holtsville, NY) and its accompanying 
software ZetaPALS. 
 
The experimental procedure was as follows: approximately 1.5 mL of each nanofluid 
was placed in a cuvette, filling it almost full. Then the special lead with the attached 
electrodes was placed on top of the cuvette while carefully immersing the electrodes 
within the liquid. Subsequently, an electric field was applied which resulted in 




oscillations of the charged particles. The motion of the particles was followed by the 
Phase Analysis Light Scattering (PALS). Once each measurement was completed, the 
dedicated ZetaPALS software calculated the ζ-potential. For each solution a minimum 
of 20 measurements were acquired and the average values were calculated. Results are 
presented in Table 3.2. Given the small volume of the DNA suspensions ~100 μL, ζ-
potential measurements could not be carried out.  Measurements were taken in 
collaboration with Ioannis Stamou from the School of Engineering, University of 
Edinburgh.  
 
3.2.4. Atomic force microscopy 
Atomic force microscopy (AFM) was the method of choice to characterize the surface 
homogeneity, whether that may be topographical or compositional, of each substrate 
used in this study. In addition, this same imaging technique was used as a means to 
visualise the fine particle structures forming at the TL upon full evaporation of the 
nanofluids. AFM was selected as it provides unprecedented sub-nanometre resolution 
both vertically and laterally without requiring any special sample pre-treatment. AFM 
can also simultaneously acquire topographical and adhesive properties of a sample and 
at the same resolution, hence giving an extra advantage over other techniques and 
allowing identification of different species on a sample surface or even grain 
orientation.  
 
The AFM used in this study was a Bruker Multimode/ Nanoscope IIIa AFM (Bruker 
AXS, Santa Barbara, CA). In order to achieve the best possible resolution, two 




different scanners were used. To quickly identify sample features in larger areas we 
used a J-scanner, which allows a maximum x-y scan range of ca. 140 microns. For 
smaller areas and better resolution, an E-scanner was used with a x-y scan range of ca. 
10 microns. A series of different cantilevers were used with varying properties and 
were all supplied by Bruker. In more detail we used RTESP and RTESPA cantilevers 
with nominal spring constant of 40 N/m, resonance frequency 300 kHz and tip 
curvature of ca. 8 nm, as specified by the manufacturer. The difference between these 
two is an extra thin Al layer coating the back side of the second cantilever (RTESPA) 
allowing better tracking of the deflected laser beam and hence better resolution. To 
image the fine-structuring of the deposits we used the sharper TESP-SS Bruker 
cantilevers with nominal spring constant of 20 N/m, resonance frequency 230 kHz and 
tip curvature of ca. 2 nm, as specified by the manufacturer. The microscope was 
operated under tapping mode (tip at intermittent contact with the surface) and all 
measurements were conducted in air at room temperature. In the same mode of 
operation a second signal, that of phase, is also recorded for each image. Phase imaging 
is a complementary to topography and measures the shift in phase of tip oscillation. 
This shift originates in different tip-sample interactions due to topometric (slope) but 
mainly compositional variations of the sample.  Acquired images were post-processed 
and analysed using the software Scanning Probe Image Processor (SPIP, Image 
Metrology, Hørsholm, Denmark). 
 




3.2.5. Scanning electron microscopy 
Scanning electron microscopy (SEM) complemented AFM measurements of graphene 
platelets self-assembly behaviour. Prior to measurement, samples were coated with a 
thin, conductive gold layer. Two different, in maximum resolution, SEM were used: a 
Philips XL30CP (Philips, Amsterdam, Netherlands) and a Hitachi 4700 II field-
emission (Hitatchi, Tokyo, Japan). Experiments were conducted in collaboration with 
Dr. Nicola Cayzer and Mr. Steve Mitchell from the schools of Geoscience and 
Biology, respectively, in the University of Edinburgh. 
 






Chapter 4 Particle crystallization at the three- 
phase contact line 
 
  





In this chapter we attempt to shed light on the mechanism responsible for the 
deposition of particles at the TL of evaporating nanosuspension droplets in order to 
form crystalline ring-stain patterns.  An aqueous suspension containing monodisperse 
nanospheres exhibited “stick – slip” evaporation and left behind a set of concentric 
rings with a preferential pinning to one side. Nanoscale investigation of the resulting 
rings yielded rather unexpected structuring results: a closely-packed crystalline 
structure with disordered regions at both sides. In order to understand the underlying 
mechanism leading to the formation of the disordered region at the exterior side of the 
ring, we investigated experimentally the significance of particle velocity on the particle 
structuring mechanism. To achieve this, environmental pressure was lowered leading 
to higher evaporation rates, which in combination with the pinned TL and the induced 
outward flow, led to faster particle velocities. As a result, increasing particle velocity 
was found to promote crystallinity. Consequently, particle velocity was quantified 
which coupled with the deposit shape measurements, allowed the proposition of a first, 
plausible description of the particle self-assembly behaviour at the TL of evaporating 
droplets. In more detail, particle self-assembly behaviour is controlled by an interplay 
between the fluid, and hence particle, flow velocity (main ordering parameter) and 
wedge constraints, and consequently disjoining pressure (main disordering parameter). 
The second observed disordered region at the interior side of the ring, was attributed 
to the rapid TL motion during each “slip” event. Moreover, the hysteretic energy 
barrier was calculated, providing insight on TL motion kinetics. 
 





4.1. Evaporative behaviour and resulting ring-stains 
In order to probe the self-assembly behaviour of nanospheres at the TL of freely 
evaporating droplets, we first conducted a series of free evaporation experiments with 
increasing particle concentrations. In more detail, a series of droplets of aqueous 
suspensions containing 0.075, 0.100 and 0.125% wt. monodisperse SiO2 nanospheres 
were deposited on flat, smooth silicon substrates. Their free evaporation was recorded 
using a Krüss DSA100 (drop shape analysis, section 3.2) and analysed with the 
accompanying software. A typical example of the pattern left behind after the free 
evaporation of the above solutions and the corresponding evolution over time of both 
the contact radius and angle of each case are presented in Figure 4.1. More than 20 
repetition of each experiment showed very good reproducibility. 
 
The TL of the droplet containing 0.075 % wt. spheres exhibit an initial pinning period 
until approx. 300 sec., at which point it de-pins from one side and continues 
evaporation with a retracting TL (Figure 4.1(b)). In the resulting pattern presented in 
Figure 4.1(a), some pyramidal-like structures can be seen at the point where the initial 
TL lied. These structures were formed due to, perhaps, an initial weak pinning event 
inducing a liquid flow carrying some particles there. As particle concentration is low 
locally, pinning cannot be sustained for long, and the TL starts retracting, “freezing” 
particles in place and thus forming the pyramidal structures. Increasing particle 
concentration to 0.1 % wt. should increase the pinning of the droplet. Indeed, the 





pinning of the TL appears to have been promoted and two “slip” events can be clearly 
identified in the evaporation evolution (Figure 4.1(d)). This promotion of pinning can 
also be identified in the resulting pattern (Figure 4.1(c)), where the afore-mentioned 
pyramidal structures appear to have been distributed more uniformly along the initial 
TL. Some periodicity of these structures could also be identified, possibly indicating 
an oscillating behaviour of the liquid front at the small surface defects (as presented in 
Chapter 3.1.3) and very small scales, beyond the capabilities of the CCD camera of 
our experimental setup. Nonetheless, a correlation with the oscillating behaviour for 
artificial defects could be drawn [78]. 
 
At 0.125 % wt.  nanospheres concentration , a typical “stick-slip” evaporation 
behaviour and resulting pattern can be observed in Figure 4.1(d, f). In more detail, the 
TL remains anchored for a longer period (ca. 800 sec.) during which pinned TL and 
simultaneous evaporation leads to particle deposition (stick phase). This period is 
followed by the rapid TL motion (slip) to a subsequent state of quasi-equilibrium. At 
the same time, each “stick” period results in the formation of one of the well-defined 
rings seen in Figure 4.1(e). However, in the evolution graph (Figure 4.1 (f)) only two 
“jumps” of the TL are clearly identifiable mainly due to the orientation of the camera 
while recording the movement of the TL.  






Figure 4.1: (a, c, e) Optical micrographs of the coffee-stains left behind after the 
evaporation of a freely evaporating aqueous suspension drops containing (a) 
0.075, (c) 0.1 and (e) 0.125% wt. SiO2 nanoparticles respectively. (b, d, f) 
Evolution over time of contact angle (squares) and contact radius (triangles) for 
same drops. 
 





4.2. Triple line motion kinetics 
Having established the optimal particle concentration for the ring-stain formation, let 
us, here, briefly address the TL motion kinetics of each case examined by quantifying 
the hysteretic energy barrier pinning the TL [73, 75]. To that end, we should first 
calculate the evolution of the excess free energy, 𝛿𝐺, of the drop during evaporation, 
over the equilibrium value, 𝐺(𝜃0) , assuming that the contact radius, 𝑅 , remains 
constant. Neglecting gravity effects since the drop is small, at a given instant, when 
contact angle is 𝜃 and free energy is 𝐺(𝜃), we have [73, 75]: 








− cos 𝜃0]}   (4.1) 
The term 𝑅0 corresponds to the radius of a drop of equal volume to the actual drop, 
but at equilibrium (𝑅 ≥ 𝑅0). Clearly, 𝑅0 decreases as evaporation continues, although 
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2 3⁄ ]          (4.3) 
We can thus calculate the excess free energy, per unit length of TL, 𝛿?̅?, at any instant 
during evaporation from  𝛿𝐺 . With knowledge of 𝑅  during a given phase of 





evaporation, the value of 𝜃 at the moment in question, and the equilibrium angle, 𝜃0, 
the evolution of 𝛿?̅? can be followed. When a jump of 𝑅 to a smaller value occurs, it 
may be considered that 𝛿?̅? has attained the value of the hysteresis jump barrier. Liquid 
surface tension, 𝛾, was measured using the pendant drop technique to be that of pure 
water, ca. 0.073 N/m, as described in Table 3.2. The evolution of 𝛿?̅?  over time 
solution is presented in Figure 4.2. 
 
 
Figure 4.2: Evolution of 𝜹?̅? (left) and 𝜹𝑮 (right) over time for freely evaporating 
aqueous suspension drops containing (squares) 0.075, (circles) 0.100 and 
(triangles) 0.125% wt. SiO2 nanoparticles. 
 
As it can be seen in Figure 4.2 (a), 𝛿?̅? increases rapidly, initially, due to the pinned 
TL and decreasing contact angle for the cases of 0.075 and 0.1% wt. particle 
concentration (squares and circles in Figure 4.2). During this stage, particles arrive at 
the TL increasing the viscosity locally and hence strengthening the pinning [83]. 
However, the pinning due to particles is not strong enough and the TL starts receding 





at approx. 300 sec. Due to the increased local viscosity the TL retraction is not fast 
enough which combined with the fact that one side of the droplet remains pinned 
throughout the evaporation, leads to a slower 𝛿?̅? increase, until ~950 sec. It is during 
this phase that the pyramidal structures identified in Figure 4.1 (a, c) formed. At that 
point, ~950 sec, in both cases 𝛿?̅? reaches the apparent threshold value of ca. 2.6 × 10-
6 N, which should be equivalent to the hysteretic energy barrier, 𝛿?̅? = 𝑈 , and a “slip” 
event (which is more obvious in the 0.1% case, Figure 4.1) occurs with a consequent 
consumption of 𝛿?̅?. After this point, 𝛿?̅? continues to increase until full evaporation. 
This pinning barrier value is in line with the literature [36]. Figure 4.2 (b) depicts the 
evolution over time of the free energy of the droplet, 𝛿𝐺, for comparison. 𝛿𝐺 can be 
readily identified to exhibit a slightly different behaviour than 𝛿?̅?, especially near the 
end of the 0.075% lifetime where it decreases. This observation allows us to determine 
that dividing the accumulating energy by droplet circumference, 𝛿?̅? = 𝛿𝐺/2𝜋𝑅 , 
demotes the importance of R in the equation. This observation, however, could be 
correlated with the physical concept of TL motion. Locally, at the TL the change in R 
is much smaller compared to the change in 𝜃 (especially when considering how more 
pronounced and sensitive the changes in angle appear to be compared to those in R 
curves in Figure 4.1). 
 
Focusing our attention to the 0.125% case, we can identify the following trend: an 
initial 𝛿?̅? increase, due to the pinned TL and the decreasing contact angle. Throughout 
the duration of this mode (“stick”), the particles accumulate at the TL and form the 





ring-stain. At approx. 800 sec., 𝛿?̅?  reaches a maximum value of ca. 7.5 × 10-6 N, 
which is agreement with what has been reported previously [36] and roughly double 
the value calculated in this study for the lower concentration cases (0.075 and 0.1 % ). 
At this point the TL jumps to a new smaller 𝑅 with higher 𝜃 (as seen in Figure 4.1), 
leading to suspension of particle accumulation. Essentially, at this point the system 
“freezes”, allowing no time for particles to self-assemble and hence leads to 
disordering. We should note here the fact that the first jump appears to demand a higher 
amount of energy compared to the rest. This could be attributed to the fact that the first 
jump corresponds to the case where the substrate outside the drop has not “seen” the 
liquid. For each subsequent “slip” event, the substrate has already been wetted by the 
nanofluid and hence it is plausible that an adsorbed liquid layers remains, resulting in 
the observed decrease of the energy barrier value. This cycle continues until full 
evaporation.  
 
4.3. Particulate deposition and crystallisation 
In order to assess the particle structuring at the TL of evaporating droplets, we utilised 
optical microscopy and AFM for macro- and nano-scale measurements. In this part, 
we focused our attention on the 0.125% case as it is the only one that produced well-
defined ring-stain deposits. A typical optical microscopy image of a part of the ring-
stain is presented in Figure 4.3 (a). In this image, a striped region can be readily 
identified, which is an optical interference pattern at the side toward the exterior of the 
droplet (left side of the image). This pattern is indicative of gradual deposit height 





increase. Cracks can also be seen, which could be attributed to the uncontrolled 
character of the evaporation process. However, they are beyond the scope of this work 
and will be assessed in the future. 
 
Figure 4.3(a) Optical micrograph depicting part of the ring stain. (b) 3.32 × 3.32 
μm2 topography image (dotted box in (a)) with three different areas of interest 
highlighted, z-scale ranges between 0 – 1.25 μm. In both images drop centre lies 
to the right. (i-iii) FFT analysis of the areas highlighted in the topography image 
(b), dotted lines are a guide to particle packing. 
 
The self-assembly behaviour of the nanospheres at the edge of the ring-stain was 
extensively investigated with AFM. A typical topography image of the edge of the 
ring-stain is presented in Figure 4.3 (b). Analysis of the coffee-rings revealed a narrow 
disordered region forming at the very edge of the ring-stains (side toward the TL) and 





seen in white box (i) in Figure 4.3 (a). Furthermore, sequential square and hexagonal 
packed structures formed toward the interior of the coffee-ring (boxed areas (ii) and 
(iii) in Figure 4.3 (b)). The Fast Fourier Transformation (FFT) of each of these areas 
is presented in Figure 4.3 FFT (i)-(iii), respectively, as a means of determining particle 
structuring. In more detail, the formation of the disordered region at the very edge of 
the droplet, which appears as the smeared FFT (i), could be attributed to a combination 
of a) small particle size, which allowed particles to reach very close to the actual triple-
interface wedge area, where disjoining pressures are to stronger, b) higher evaporation 
at the drop periphery  and c) strong laminar solute flux towards the TL, the last two 
being directly linked. The exact particle structuring mechanism at the TL is thoroughly 
discussed in section 4.4. As particles continue to arrive due to the outward flow from 
bulk to periphery [19], particles further away from the periphery should have more 
space and freedom to move  due to weaker geometrical constrains/ disjoining pressure 
effects. Due to this fact, particles assemble into square and hexagonal packed regions, 
shown in Figure 4.3 (ii) and (iii) respectively.  
 
The rest of the deposit was also probed with AFM. In order to unveil both the deposit 
height and the crystal structure, we present sequential 5 × 5 µm2 images scanned across 
the width of the ring in Figure 4.4. The height of each image was zeroed on the top of 
the previous one for better visualisation. 
 






Figure 4.4: (a)-(f) Sequential 3-D representations of areas of the ring-stain 
scanned across its width. Corresponding FFT analyses are presented as insets in 
each image. Droplet centre lies to the right of each image. 
 
An order to disorder transition can be readily identified at both the interior and the 
exterior edge of the deposits, Figure 4.4 (a) and (f) respectively. As discussed above, 





at the exterior edge of the deposit, Figure 4.4 (a), the particles first randomly arranged 
themselves at a narrow area near the edge which was followed by close-packed 
structures. Particles, at the rest of the ring-stain, formed sequential square and 
hexagonal packed regions, Figure 4.4 (b)-(e). In more detail, with increasing deposit 
height (which should be indicative of the actual liquid/droplet height) and hence 
weakening wedge constraints, particle ordering was promoted to mainly hexagonal 
structures with some interstitial square packed regions. Similar sequential square and 
hexagonal packing was reported in a number of other cases with experimental setups 
different from ours (i.e. controlled evaporation, larger sized particles, different 
geometry) and was attributed to the same reasons [42-46]. The FFT insets further 
support the fact that the hexagonal cell gradually becomes clearer. At the apex of the 
deposit, Figure 4.4 (d), an almost perfect hexagonal packing was found, possibly due 
to the extra volume and hence more space for particle free motion and eventual 
deposition at the most favourable positions. Indeed hexagonal packing leads to a 
higher particle density, which is entropically more favourable [42]. To the best of our 
knowledge, this is the first time that particle terraces, although short, are reported for 
particles of this size (~80 nm).   
 
Away from the deposit apex and toward its interior, Figure 4.4 (e), deposit height 
decreases sharply. This sharp decrease should make the wedge constraints more 
effective, which resulted in the formation of some square-packed regions (FFT 
blurred). Additionally, we should note the steepness of the slope at this side of the ring, 
due to the rapid “slip” of the TL. At the other edge of the deposit, interior Figure 4.4 





(f), a second order to disorder transition was observed. Elsewhere, this transition was 
attributed to increasing particle velocity over time, termed “rush hour” effect [49]. We 
should note, here, that the droplet in Ref. [49] evaporates with a constantly pinned TL, 
leading to the deposition of particles at the same annular region. In our case, however, 
the droplet follows the “stick-slip” evaporation regime, which, as described in section 
2.4, leads to an abrupt cut-off in the outwards fluid flow during each “slip” event. This 
abrupt cut-off essentially “freezes” particles and results in the observed disordering at 
the interior. A schematic representation of the self-assembly pattern at each part of the 
ring is presented in Figure 4.5.  
 
 
Figure 4.5: Schematic illustration of particle structuring across the width of the 
ring-stain. 
 
4.4. Particle deposition and self-assembly mechanism 
Let us, here, address the underlying particle structuring mechanism at the confinement 
of evaporating three-phase lines. Our results clearly show the formation of a narrow 
disorder region appearing at the exterior side of the deposit. Elsewhere, however, 





particles were reported to have arranged themselves in hexagonal order, at the same 
exterior edge of a ring-stain deposit and form a disorganised region toward the interior 
[49]. There are mainly two differences between the two systems which should affect 
the structuring process: the evaporation behaviour and the particle size. 
 
In our case, particle diameter, 𝑑 , is ca. 10 times smaller than the one reported 
previously , 𝐷, (d ~ 80 nm compared to D ~ 0.5 – 2 μm). Considering the actual particle 
size, the particles in our case can get closer to the actual liquid front (Figure 4.6). 
Therefore, the wedge constraints and hence the disjoining pressure effects felt by the 
nano-spheres are much stronger compared to those affecting the micro- spheres. Due 
to height restrictions, particles are necessarily smaller than the droplet height, ℎ𝑤, at 
the very edge of the contact line. The approach distance, 𝑙, is simply given by 𝑙 =
𝑑 cot 𝜃(or 𝐿 = 𝐷 cot 𝜃 for the microspheres in Ref. [49]). For small contact angle, 𝜃, 
this difference in distance from the TL to the first particle will be considerable for the 
two cases and can be calculated as follows: 
(𝐿 − 𝑙) = (𝐷 − 𝑑) cot 𝜃 ≈ 𝐷 cot 𝜃      (4.4). 
From the above simple argument, we estimate for a contact angle of ca. 50o that 
micrometric particles [49] may approach the TL only to within ca. 0.4 μm or more 
(varying with particle diameter). However, in our case nanoparticles may get within 
ca. 65 nm, the domain where stronger evaporative effects may be felt, leading to faster 
and less ordered particle precipitation. The above argument is schematically presented 
in Figure 4.6.  
 






Figure 4.6: Schematic illustration of the distance from the TL where the first 
particle will be deposited for micro- (D, L) and nano- spheres (d,l). 
 
From the above it is clear that the narrow disordered region at the exterior edge of the 
deposit formed due to the interplay between particle velocity and wedge constraints/ 
disjoining pressure. In what follows, we attempt to assess this possibility by combining 
theoretical and experimental arguments. To that end, we reduced the environmental 
pressure around the droplet to 750 and 500 mbar in order to increase the radial fluid 
velocity. Evaporation flux is known to be higher at the periphery of a pinned droplet 
[12, 19, 20]. The average evaporation rate increased from ca. 2.5 nL/sec to 3.8 and 7.5 
nL/sec respectively for 1000, 750 and 500 mbar. Furthermore, increasing the 
evaporation rate should result in promotion of the pinning of the TL as more particulate 
is carried to the periphery with the enhance radial flow, thus increasing locally particle 
concentration and hence viscosity. Evaporation flux is dependent on vapour 
diffusivity, which in turn is connected with pressure via the formula: 𝐷𝑢𝑎 ≈
𝐷𝑟𝑒𝑓𝑃𝑟𝑒𝑓 𝑃⁄ , where 𝐷𝑟𝑒𝑓 = 2.4 ×  10
−5 m2/sec is the value of 𝐷𝑢𝑎  at the reference 





pressure 𝑃𝑟𝑒𝑓 = 1000 mbar [14]. This simple formula was introduced into the height-
averaged radial velocity, ?̅?, an equation proposed in Ref. [49, 128], leading to: 












    (4.5), 
where 𝜃 and 𝑅 are contact angle and contact radius and, 𝑟 is radial distance. Vapor 
concentration difference between drop surface and the surroundings, ∆𝑐 = 1.9 ×
 10−2  kg/m3 and liquid density, 𝜌 = 1000  kg/m3. This equation is based on a 
Newtonian fluid, however, in the present work the fluid could be considered non-
Netwoning very near the edge (TL). At this point, particle accumulation should make 
the fluid too viscous, making this equation to fail. Nonetheless, this equation provides 
an approximation of fluid and hence particle velocity, which is useful in order to 
understand the underlying physics governing the self-assembly mechanism of particles 
at the TL. 
 
 
Figure 4.7: Particle velocity evolution over time at the deposit edge (𝒓 = 𝟎. 𝟗𝟗) 
for evaporation under 1000, 750 and 500 mbar pressure. 
 





As we are interested for the wedge area at the actual edge of the droplet, Equation (3.5) 
was solved for 𝑟 = 0.99 for each of the pressures. The evolution of ?̅? over time for 
each case is depicted in Figure 4.7. Under ambient conditions (1000 mbar) ?̅? was 
found to reach a maximum value of ca. 2.5 × 10-5 m/sec. Reducing the pressure led to 
max. ?̅?  values of 3.6 × 10-5 m/sec and 4.7 × 10-5 m/sec for 750 and 500 mbar, 
respectively. Some small discrepancies in the 1000 and 750 mbar curves should be 
attributed to “stick-slip” evaporation and the dependency of Eq. (3) on 𝜃 and 𝑅.  These 
results are in agreement with the velocity calculated in the case of a constantly pinned 
drop [49] but  have not been reported before for stick-slip evaporation. 
 
Subsequently, AFM was used to determine the effect of this increasing velocity on 
particle structuring at the exterior edges of the ring-stains. We found that increasing 
the particle velocity promotes crystallinity at the very edge of ring-stain deposits. We 
present the topography image of each case in Figure 4.8 with lowering pressure from 
1000 - 500 mbar in  Figure 4.8 (a) - (c) respectively. As the particles are not easily 
discernible in these images, we also included a magnification of a random area of 
interest near the deposit edge as an inset at the bottom of each image (similar to Figure 
4.3(i)). The corresponding FFT analysis of each case is also included in the top insets. 
It is readily apparent, in these images that the slope/size of the deposit decreases with 
increasing evaporation rate, which in turn increases the wedge constraints. To quantify 
this observation, we present a comparison in Figure 4.8 (d) of the average coloured 
height profiles corresponding to the typical coloured line scans in Figure 4.8 (a), (b) 
and (c). To further highlight the available space for particle motion and deposition at 





the edge of the deposit, we provide a magnification of the first 0.5 microns of each of 
the three height profiles and shows the first pinning site (i.e. where first particles arrive 
in each case to pin the TL) in Figure 4.8 (e). It is within this narrow region that the 
disorganized structure was found in the 1000 mbar case and therefore the reason why 
we focus our attention there. Interestingly, these AFM measurements are also 
indicative of the dimensions of the droplet precursor film [3], which is of paramount 
importance in the prediction/simulation of droplet evaporation [129]. This is the first, 




Figure 4.8: 5.0 × 5.0 μm2 topography images of (a) 1000, (b) 750, (c) 500 mbar. 
Insets show magnifications (top) and FFT analyses (bottom) of random areas of 
interest at deposit edge. (d) Average height profiles corresponding to coloured 
lines in (a)-(c) respectively, (e) close-up of the first 0.5 microns of the height 





profiles in (d). Insets were chosen in such a way as to better exhibit the promotion 
of crystallinity due to increasing velocity. 
 
Combining the information presented in Figure 4.7 and Figure 4.8 for particle velocity 
and wedge constraints/disjoining pressure respectively, we can postulate that wedge 
constraint is acting as the main disordering parameter and particle velocity as the main 
ordering parameter. To better explain this, we plotted in Figure 4.9 the deposit height 
against ?̅? , extracted from Figure 4.7, for all three cases and at certain distances from 
the periphery of the droplet (300, 500, 700 and 900 nm corresponding to black, red, 
blue and pink lines respectively) and toward the interior. The actual value of the 
velocities presented here are an order of magnitude smaller than the maximum attained 
presented in Figure 4.7. This could be attributed to the fact that ?̅? increases rapidly 
toward the end of the evaporation cycle (Figure 4.7), as a result of mass conservation 
and is in accordance with the literature [49]. The relation between deposit height and 
?̅? was found to linear, in the form of 𝑦 = 𝑎𝑥 + 𝑏, with a slope −0.04 < 𝑎 < −0.09. 
We could presume at this point that decreasing deposit height, which is inversely 
proportional to disjoining pressures, hinders particle motion. On the other hand, the 
effect of disjoining pressure is possibly overcome by the increasing ?̅? (Figure 4.9, 
middle and right side points corresponding to 750 and 500 mbar respectively); hence 
leading to the crystalline structures observed in Figure 4.8 (b, c).  
 






Figure 4.9: Deposit height at 300, 500, 700, 900 nm (black, red, blue and pink 
lines/symbols respectively) away from drop’s periphery plotted against predicted 
particle velocity at same distance for 1000 mbar (points on the left), 750 mbar 
(points on centre) and 500 mbar (points on the right). 
 
 
The above argument, provides a plausible description of the particle self-assembly 




Freely evaporating sessile droplets containing monodisperse nano-particles were 
found to lead to the formation of particulate crystalline structures within the resulting 
ring-stains. This observation is valid for droplets evaporating both with permanently 
pinned TL and under the “stick-slip” regime, controlled by varying environmental 
pressure.  We report on the unexpected formation of a disordered region at the exterior 
of a ring-stain deposit. Lowering environmental pressure as a means to increase 





evaporate rate, led to promotion of crystallinity. Particle velocity was quantified and 
compared with experimental results, which led to the preposition of a tentative 
structuring mechanism. Essentially, during evaporation particle velocity acts as the 
main ordering parameter and disjoining pressure as the main disordering parameter. 
At the interior side of the ring, a similar disordered region was found and was attributed 
to the sudden cut-off of particle flow during the rapid TL motion.  
 
The particles at the rest of the deposit formed mainly hexagonal structures with 
occasional square packed regions as each new particle layer formed. This behaviour 
was the result of particles trying to achieve the highest possible volume fraction within 
the limited wedge space. Deposit height was also found to promote crystallinity, due 
to kinetics. 
 
Lastly, we attempted to determine the magnitude of the hysteretic/pinning barriers 
acting on the TL. To that end, we calculated the excess free energy, per unit length, of 
the system, which showed a peak just before each “slip” event occurs. This peak should 
be equivalent to the pinning barrier. 






Chapter 5 On pressure and evaporation 
process and particle crystallisation 
  





In the previous chapter we briefly described the effect of evaporation rate controlled 
by lowering environmental pressure on the ring-stain formation and particle deposition 
at the TL mechanisms. In this chapter, we probe this relationship further. Evaporation 
under lower ambient pressures was found to promote TL pinning and distinct patterns 
consisting of sets of rings, concentric rings and irregularly distributed stains were left 
behind. Each different pattern formed due to “stick-slip”, CCR and very rapid 
evaporation respectively. At the nanoscale, lowering the pressure was found to 
promote crystallinity at the exterior edge of the deposits, observed as closely-packed, 
hexagonal conformations, due to the increased evaporation rate and hence particle 
velocity. However, lowering the pressure beyond the optimal, 500 mbar, a disordered 
region formed at the exterior edge of the ring. This formation was attributed to a 
combination of even higher particle velocity and very limited wedge space, for 
particles to self-assemble. Inside the rings, random groups of particle aggregates 
resembling branches were found which possibly formed during the “slip” of the TL. 
Further reduction of pressure resulted in the formation of particulate structures 
resembling ripples, forming on top of a particle monolayer with increasing, with 
lowering pressure, surface coverage. These structures are indicative of fluid flow being 
too weak to reach the TL but strong enough to carry particles over smaller distances 










5.1. Evaporative behaviour and resulting ring-stains 
Reducing the pressure at the environment around an evaporating colloidal droplet 
should increase the evaporation rate. In order to probe the effect of the increasing 
evaporation pressure on TL motion kinetics and the resulting ring-stains we reduced 
the pressure to 750, 500, 250 and 100 mbar. These values offer a wide pressure range 
below atmospheric, 1000 mbar, and down to the limit of the apparatus/ chamber, 40 
mbar. Decreasing pressure should increase the evaporation rate due to increasing the 
effective diffusion coefficient of water, the base solvent, vapour in the atmosphere 
[14]. Indeed, we observed that in every case, decreasing pressure led to faster 
evaporation cycles and hence to different ring-stain deposits. 
 
 
Figure 5.1: (a) Optical micrograph of the deposit resulting after a droplet 
containing 0.125% wt. SiO2 nanoparticles evaporated under 750 mbar pressure. 
(b) Corresponding contact radius (squares) and angle (triangles) evolution over 
time. 
 
At 750 mbar pressure, the evaporation of the droplet followed the “stick-slip” regime 
[73], producing a set of rings with a preferential pinning to one side (Figure 5.1(a)). 





Upon closer inspection of Figure 5.1 (a), a number of discontinuous pyramidal particle 
deposits can also be identified. These structures appear to be oriented always with an 
angle to the liquid front and a side toward the interior. Essentially, during the first 
moments of the evaporation, particles arrive at the TL and pin it locally (exterior angle 
of the pyramid). Consequently, these pinning points lead to further particulate 
accumulation and in turn to the formation of the pyramids when the TL “slips”. When 
these pinning points are dense enough, then a ring-stain is formed. Each ring seen in 
Figure 5.1 (a) can be related to a step in the evolution graph in Figure 5.1(b). These 
results are typical of “stick-slip” behaviour and are in line with the literature [36, 48, 
73, 82, 83, 93, 130].  
 
 
Figure 5.2: (a) Optical micrograph of the deposit resulting after a droplet 
containing 0.125% wt. SiO2 nanoparticles evaporated under 500 mbar pressure. 
(b) Corresponding contact radius (squares) and angle (triangles) evolution over 
time. 
 





Further reduction of environmental pressure resulted in promotion of TL pinning and 
hence in different evaporation behaviour. Essentially, evaporation followed the CCR 
regime in all the rest of lower pressure cases, with some differences in resulting 
patterns. At 500 mbar, a single ring formed, as seen in Figure 5.2 (a). This pattern is 
typical to CCR, with an example of the evolution over time of contact angle and radius 
in this evaporation regime presented in Figure 5.2 (b). 
 
 
Figure 5.3: (a) Optical micrograph of the deposit resulting after a droplet 
containing 0.125% wt. SiO2 nanoparticles evaporated under 250 mbar pressure. 
(b) Corresponding contact radius (squares) and angle (triangles) evolution over 
time. 
 
Evaporation under 250 mbar pressure, resulted in a similar pattern, Figure 5.3 (a), and 
evaporative behaviour, Figure 5.3 (b). Both patterns for 500 and 250 mbar are in line 
with what has been reported previously for droplets evaporating under the CCR regime 
[19, 20]. Essentially, the outward fluid flow is enhanced by the reduction in pressure, 
leading to more particle accumulation at the TL [14]. This accumulation, in turn, pins 
the TL stronger leading to constant pinning and to the single ring observed. Increasing 





particle accumulation results in wider rings which is crudely measured from the optical 
micrographs and is plotted against pressure in Figure 5.4 for the three pressure 
presented this far. Focusing our attention to the areas inside the rings, we can identify 
some particulate coverage resembling ripples, for the 500 and 250 mbar cases. For the 
750 mbar case, no such coverage can be identified, possibly due to the rapid TL motion 




Figure 5.4: Effect of pressure on ring-stain width. 
 
When the pressure was further reduced to 100 mbar, a rather unexpected, comparing 
to previous results, pattern was found, as presented in Figure 5.5. Although, the 
evaporation evolution (Figure 5.5 (b)) shows a constantly pinned behaviour, the 
resulting pattern appears to be irregularly shaped (Figure 5.5 (a)). More particulate 





appears to have accumulated at the TL. At the interior, a different, thinner structure, 
“crust”, has formed and perhaps a second ring at the centre. The irregularity of this 
pattern could be related with the extremely high (highest in this study) evaporation rate 
and hence limited time (~90 sec.). This evaporation rate induces a very high outward 
fluid flow which in turn forms a denser (seen as the darker region near the TL in Figure 
5.5(a)) deposit of particles in areas near the TL. However, the evaporation is so rapid 
that particles have little time to be carried by the flow and essentially “freeze” in place, 
resulting to the interior features. 
 
 
Figure 5.5: (a) Optical micrograph of the deposit resulting after a droplet 
containing 0.125% wt. SiO2 nanoparticles evaporated under 100 mbar pressure. 
(b) Corresponding contact radius (squares) and angle (triangles) evolution over 
time. 
 
5.2. Triple line motion and evaporation kinetics 
Let us, here, attempt to elucidate the effect of pressure on the evaporation process. To 
achieve this, we extracted the average evaporation rate, −𝑑𝑉 𝑑𝑡⁄ , for each pressure 
from our experimental data and compared them with calculated ones based on 





theoretical arguments. To calculate −𝑑𝑉 𝑑𝑡⁄ , we modified slightly the following 




= 𝜋𝑅𝐷𝐶𝑠𝑎𝑡(1 − 𝑅𝐻)(0.27𝜃
2 + 1.30)     (4.1) 
, where 𝑅 and 𝜃 are the contact radius and angle respectively, 𝐷 is the water vapour 
diffusivity, 𝐶𝑠𝑎𝑡  is the saturated water vapour concentration and 𝑅𝐻 is the relative 
humidity. As can be seen, this equation is not a function of pressure. However, 𝐷is 
dependent on the nature of the gas and inversely proportional to its pressure: 𝐷 ≈
𝐷𝑟𝑒𝑓𝑃𝑟𝑒𝑓 𝑃⁄ , where 𝐷𝑟𝑒𝑓 is the value of 𝐷 at the reference pressure 𝑃𝑟𝑒𝑓 1000 mbar 
[14]. Hence, substituting this formula into Equation (4.1), yields the desirable equation 










𝑃          (5.2) 
 where, the average experimental evaporation rate at ambient condition (1000 mbar) 





≈ −2.8 nL/sec. In Figure 5.6, we plotted the average 
experimental (t) and theoretical (circles) evaporation rate values, −𝑑𝑉 𝑑𝑡⁄ , against 
pressure on log2 scale. Additionally, in the inset we plotted the same data on a linear 
scale. A simple fit of the data presented in Figure 5.6, in the form of −𝑑𝑉 𝑑𝑡 = 𝑎𝑃𝛽⁄ , 
yielded a fitting parameter of 𝛽 ≈ −1.01  and 𝛽 ≈ −1.00  for experimental and 
calculated values respectively. The two trends are in good agreement with each other. 
Therefore, we can deduce that evaporation rate is (approximately) inversely 
proportional to pressure. A similar trend has been reported previously for “pinned” 
pure water droplets evaporating in a range of reduced pressure environments [14]. 





However, it is the first time to the best of our knowledge that such a result is reported 
for a nanosuspension droplet evaporating under low pressures.  
 
 
Figure 5.6: Effect of reducing pressure on evaporation rate: experimental 
(squares) and calculated (circles) values. Both axes are in log2 scale. Lines 
correspond to fittings of the calculated and experimental values respectively. 
Inset shows same data plotted on a linear scale. 
 
Let us, here, attempt a quantification of the effect of pressure on the hysteretic energy 
barrier, 𝑈, pinning the droplets. As the droplets remain pinned, excess free energy, 𝛿𝐺, 
accumulates in the system, due to contact angle not being at the equilibrium value, 𝜃0, 
following CCR evaporation. Therefore, we only have to calculate 𝛿𝐺 normalised per 
unit length of TL, 𝛿?̅?, for each system in question. To that end, we use the simple 𝛿?̅? 
expression (Equation 1.4), proposed previously [36, 73, 131], as a function of contact 
angle change, 𝛿𝜃. The evolution over time of 𝛿?̅? for the four different environmental 
pressures are plotted in Figure 5.7. The value of the surface tension of our nanofluid 





drop was measured using the pendant drop technique (described in 3.2.2) and was 
found to be that of pure water, ca. 0.073 N/m. 
 
 
Figure 5.7: 𝜹?̅?  (circles) and contact angle (squares) evolution over time with 
reducing environmental pressure to 750, 500, 250, 100 mbar from (a) to (d) 
respectively. Arrows point to corresponding axis for each curve. 
 
In the “stick-slip” case (Figure 5.7 (a)), 𝛿?̅? increases rapidly before each “slip” event 
and then sharply drops to virtually zero. Before each “slip” event, the droplet is out of 
equilibrium hence 𝛿?̅? builds up. Once its value reaches and/or exceeds the hysteretic 
energy barrier, the TL should “slip” to the next energetically favourable position, 
consuming the excess energy in the process. In Figure 5.7 (a), it can be seen that for a 
“slip” to occur, 𝛿?̅? needs to attain a minimum of 4 − 8 µN (i.e. this is an estimate for 
the energy barrier, for evaporation under 750 mbar pressure). These results are in 





agreement with what has been previously reported for the energy barrier in similar 
“stick-slip” cases. In particular, the hysteretic energy barrier for a pure liquid drop was 
found to be in the order of magnitude of 10-7 N [131]. However, the addition of 
nanoparticles to a similar system, was found to increase the energy barrier to a 
maximum order of magnitude of 10-6 N, for the concentrations studied. This could be 
attributed to a number of reasons, such as increased effective local roughness due to 
the deposit forming or a possible modification of the energy balance. Mathematically, 
the change in the contact angle, 𝛿𝜃, and the distance travelled by the TL, 𝛿𝑅, in every 
“slip” should increase with concentration and hence the barrier should also increase 
[36].  
 
Focusing our attention to the constantly pinned cases, 𝛿?̅?  was found to increase 
exponentially over time, with a maximum attained value of ca. 16 µN as shown in 
Figure 5.7 (b)-(d). The small discrepancy in the maximum value seen in Figure 5.6 
could be the result of the range of 𝛿𝜃. In this case, it only reaches a value of ca. 45o, 
attributed to drop shape near the end of the evaporation process becoming too irregular 
to be followed and analysed by DSA. As a result, and considering that Equation 4.3 is 
a function of 𝛿𝜃, a smaller, yet consistent, 𝛿?̅? value is acquired. The value calculated 
in this case is ca. 8 µN, similar to the “stick-slip” case. However, as the evaporation 
in this particular case is very rapid (~90 sec.), we could stipulate that there is 
insufficient time for TL recession, since the droplet dries out before that. Comparing 
the 𝛿?̅? between the “stick-slip” case (Figure 5.7 (a)) and the rest of the cases (Figure 
5.7 (b, c)) we can see 𝛿?̅? in the latter cases increasing beyond the barrier value 4 − 8 





µN in the former cases. This could be attributed to increasing particle accumulation, 
locally, at the wedge area, which was crudely presented in section 5.1 and will be 
discussed in depth later. Additionally, 𝛿?̅? was reported to be proportional to particle 
concentration [36] which resulted in the conclusion that 𝛿?̅?  should attain higher 
values, as pressure is lowered, although, never reaching the hysteretic energy barrier.  
 
5.3.  Particle deposition and self-assembly mechanism 
In this section, we attempt to assess the relation between deposit shape and 
nanostructuring mechanism and pressure. To achieve this, the resulting coffee-rings 
were scanned with AFM at various locations and across the width of each ring in 
consecutive images of the same scan size. We present, here, characteristic images of 
each sample, in a way that allows the observation of both the deposit shape and the 
crystal structure at the same time. In every consecutive image, the z-scale is zeroed to 
the top of the previous one for better visualisation and the droplet centre is everywhere 
on the right. Furthermore, the corresponding FFT analyses of each area are included 
as insets, in order to identify any potential crystalline structures.  
 






Figure 5.8: (a)-(e) Sequential 3-D representations of areas of the ring-stain 
scanned across the 750 mbar ring-stain width. Corresponding FFT analyses are 
presented as insets in each image. Droplet centre lies to the right of each image. 
 
The shape of the ring left behind after evaporation of the fluid under 750 mbar 
pressure, which followed the “stick-slip” regime, is presented in the images in Figure 
5.8. In more detail, a gentle slope gradually builds up (from the drop exterior), as seen 





in Figure 5.8(a)-(b), until reaching a plateau in Figure 5.8(c). This deposition could be 
the result of the pinned TL and the resulting outwards flow, during a “stick” phase, 
carrying particles to the droplet’s periphery [19, 20]. The plateau is followed by a 
steeper slope, with decreasing height, as seen in Figure 5.8(d)-(e). This slope could be 
attributed to the abrupt motion of the TL during “slip” and is in agreement with the 
literature [47, 93]. Furthermore, the deposit could act as an artificial defecting which 
interferes with fluid flow and hence leads to a “slip” event [78, 93]. Essentially, as the 
deposit grows, it should eventually interrupt the outward liquid flow replenishing the 
evaporated liquid, leading to a depinning and hence to particles “freezing” in place in 
the disordered region.  
 






Figure 5.9: (a)-(i) Sequential 3-D representations of areas of the ring-stain 
scanned across the 500 mbar ring-stain width. Corresponding FFT analyses are 
presented as insets in each image. Droplet centre lies to the right of each image. 
 
The evaporation under 500 mbar pressure, evolved with a constantly pinned TL. This 
resulted in a single, uniform ring-stain, which is presented in Figure 5.9. During the 
pinned stage of the evaporation cycle (<400 sec., Figure 5.2 (b)), the deposit builds up, 
as seen in Figure 5.8 (a) – (e). Eventually, a transitory point is reached (~ 400 sec., 
Figure 5.2 (b)) when the TL starts retracting. At this moment, fluid and hence 
particulate flow becomes insufficiently strong to support any further deposition and 
height increase. Therefore, the deposit peak is formed (Figure 5.9 (e)) and 
subsequently, the height starts decreasing due to the weakening flow (Figure 5.9 (f)-
(i)). Additionally, direct comparison of the interior slope in the “stick-slip” case 





(Figure 5.8) and this case (Figure 5.9 (f)-(i)), reveals that the deposit is more 
symmetrical in the latter case. Furthermore, we should note that the crystal structure, 
shown in the insets, at this case is almost everywhere hexagonal, however, the exact 




Figure 5.10: (a)-(k) Sequential 3-D representations of areas of the ring-stain 
scanned across the 250 mbar ring-stain width. Corresponding FFT analyses are 
presented as insets in each image. Droplet centre lies to the right of each image. 






When the evaporation evolved under 500 mbar, the resulting deposit appears to be 
similar in shape, yet wider, as seen in Figure 5.10. The plateau in this case is larger 
and with a higher number of defects, possibly as a result of the increased evaporation 
rate. Furthermore, a number of irregularities were discovered (e.g. FFT insets in Figure 
5.10(d),(j)), attributable possibly to the orientation of different crystal grains, still 
hexagonally close-packed. The formation of these grains could have formed due to a 
defect (as the “holes” and “cracks” shown in Figure 5.9 (c) and (g)), affecting the 
orientation of the crystal during its growth. 
 
Considering these nanoscale findings, we can at this point postulate how pressure 
affects particle self-assembly. Figure 5.11 depicts an oversimplified schematic 
representation of the observed structures presented above. This schematic is a result of 
the FFT analysis of each case, similar to the ones presented above, and the symbols d 
and o correspond to disordered and ordered regions respectively. In addition, the self-
assembly behaviour of nanoparticles in a droplet that was left to evaporate at ambient 
conditions (1000 mbar, presented in Chapter 4) is included in order to help us 
determine the effect of pressure in a wider range, 1000 – 250 mbar.  
 
 






Figure 5.11:  Schematic representation of particle structure of TL deposit formed 
at different ambient pressures. First two drawings correspond to “stick-slip” 
evaporation, latter two to constantly pinned drops; d = disorganised 
(amorphous), o = organised (crystalline). Droplet centre lies to the right of each 
presented deposit. 
 
At first glance, the results summarized in Figure 5.11 show no obvious order, however 
we shall attempt to propose a plausible interpretation of structuring mechanism. The 
particles in this study are smaller, compared to the work reported elsewhere [49], and 
therefore they can reach closer to the actual liquid wedge at the TL, as discussed in 





section 4.4. Essentially, at the wedge structural but mainly conventional disjoining 
pressure effects may be felt by the particles resulting to disordering. As conventional 
disjoining pressure is known to increase with decreasing film thickness [132]. In our 
case, the wedge is so thin as to be considered a thin film. As this thin film is located at 
the very edge of the drop periphery it could be correlated with the precursor film of 
evaporating droplets [129]. These results further support our findings in 4.4, of the 
dimensions of the paramount precursor film. Therefore, we could assume that 
disjoining pressure is the main disordering reason, hindering particle Brownian 
motion. On the contrary, the laminar, outward liquid flow should be our main ordering 
parameter, by providing particles with enough kinetic energy to overcome the 
“conventional” disjoining pressure effect and promoting crystallinity, as seen in Figure 
5.11 in the cases of 1000, 750 and 500 mbar. Further away from the wedge area, the 
disjoining pressures weaken and hence crystallinity can be achieved. The disordering 
at the interior side of the ring for both 1000 and 750 mbar pressures is attributable to 
the rapid “slip” of the TL, allowing little time for ordering. Notably a disordered region 
formed at the exterior edge of the ring seen in the 250 mbar case. To understand how 
this region formed, deposit dimensions were extrapolated from AFM data and are 
presented in Figure 5.12. It is obvious from this image, that in the 250 mbar case, the 
available space at the TL is the most limited that the particles cannot overcome the 
disjoining pressure effect. These ideas clearly merit further investigation in the future.  
 






Figure 5.12: Deposit height plotted as a function of deposit length (linear 
approximation from AFM data) for 1000, 750, 500 and 250 mbar pressure 
corresponding to black, red, blue and green line respectively. This figure, 
essentially, depicts the wedge constraint and/or available space in each case. 
 
We have not managed to acquire good AFM images of the samples formed under 100 
mbar pressure, probably due to its highly irregular structure and sudden height 
differences.  
 
5.4. Particle self-assembly at the interior of the rings 
The effect of reducing pressure on particle self-assembly at the interior of the rings 
(area covered by liquid during evaporation) was also probed. Two distinct types of 
behaviour were found and are presented here. 
 






Figure 5.13: (a) 40 x 40 μm2 topography image of the 750 mbar sample. (b) 
Magnification of boxed area in (a). (c) Height profile corresponding to line scan 
in (b).  
 
The topography images in Figure 5.13, unveiled particles depositing themselves in 
random groups resembling branches in the area between two rings, which occurred 
after “stick-slip” evaporation (750 mbar, see Figure 5.1). Magnifying one of these 
random branches, Figure 5.13 (b), provides further insight into their self-assembly 
behaviour. These structures are relatively narrow (~ 10 particles wide) and usually one 
particle high (~ 80 nm), as exhibited in the height profile in Figure 5.13 (c). Essentially, 





when the TL “slips” (bottom right part of the image), particles arriving at the TL lead 




Figure 5.14: (a) 40 x 40 μm2 topography image of the 500 mbar sample. (b) 
Magnification of the boxed area in (a). (c), (d) Height profiles corresponding to 
lines in (a) and (b) respectively. (i), (ii), and (iii) mark respectively a monolayer, 
a bi-layer and a multi-layer (3-4).  
 
Lowering the ambient pressure further to 500 mbar and 250 mbar resulted in the 
formation of a second type of structuring. Focusing our attention on the 500 mbar case, 





particulate can be clearly identified to cover the majority of the surface (Figure 5.14 
(a)). In more detail, the particulate formed a continuous monolayer (darker coloured 
regions, (i)), with occasional bi-layers (ii) and multi-layers (iii) building on top of it. 
The corresponding height profile, shown in Figure 5.14 (c), presents the exact height 
of the layers. The taller structures (iii) have a maximum height of approximately four 
particle diameters (~ 320 nm). In addition, their shape resembles ripples originating 
from the centre of the droplet (as seen in the optical micrograph in Figure 5.2 (a) and 
towards the bottom right of Figure 5.14 (a)). A further interesting feature to note is that 
of less surface coverage, seen as the darkest spots, next to the peaks of the ripples, to 
be discussed later. This feature is highlighted in the magnification of such an area and 
its corresponding height profile in Figure 5.14 (b) and Figure 5.14 (d), respectively. 
 
 






Figure 5.15: (a) 40 x 40 μm2 topography image of the sample which evaporated 
under 250 mbar pressure. (b) Magnification of area highlighted within white box 
in (a). (c),(d) Height profiles corresponding to lines in (a) and (b) respectively. (i), 
(ii), and (iii) mark respectively a monolayer, a bi-layer and a multi-layer (4-5).  
 
Moving on to the last sample, 250 mbar, we can readily identify similar structures. 
These structures are presented in Figure 5.15 (a) along with their corresponding height 
profile in Figure 5.15 (b). The ripples are clearly distinguishable to be taller and wider, 
due to increased outward liquid and hence particle flow, as discussed earlier. 
Additionally, the increased flow leads to better surface coverage, as seen in Figure 
5.15 (b) and (d), at the areas next to the peaks. The white spots in Figure 5.15 (a) have 





not been explained, but are probably tip artefacts or randomly deposited particles on 
top of the structure. 
 
Let us, here, attempt to describe the formation of these complex structures in the lower 
pressure cases (500 and 250 mbar). In both cases the droplet evaporates following the 
CCR regime for the better part of the process (<400 and <200 sec, as shown in Figure 
5.2 (b) and (d) respectively). This induces an outwards fluid flow to the TL in order to 
replenish the liquid lost to evaporation. Eventually, depinning occurs and the TL 
retracts. During TL retraction, lower pressures enhance the evaporation rate and hence 
the drying at the TL. Consequently, TL retracts quicker leading to “spreading of the 
deposit”. At the same time, the TL recession is so rapid (compared to the pinned 
period) that no further pinning occurs and therefore no structures are formed, as those 
seen in section 5.3. Some occasional, weak pinning events should occur locally giving 
rise to the multi-layered structures observed in each case. Moreover, the fluid flow is 
suppressed by these structures leading to lower surface coverage immediately adjacent 
to the peaks of the ripples (e.g. Figure 5.14 (c)). Reducing the ambient pressure and 
hence enhancing the fluid flow leads to better surface coverage (e.g. Figure 5.15(c)). 
 
5.5. Conclusions 
The effect of lowering the environmental pressure around a nanofluid droplet 
containing monodisperse spherical particles was thoroughly investigated. Reducing 
pressure promoted the pinning of the TL and led to two different evaporation 





behaviours, “stick-slip” and CCR. Additionally, three distinct patterns were found: a) 
a set of concentric rings with a “preference” to one side (evidence of “stick-slip” 
regime), b) uniform, unique rings (constantly pinned TL) and c) an irregularly-shaped 
deposit with higher particle accumulation near the periphery (very rapid evaporation). 
Furthermore, this is the first time, to the best of our knowledge, that the inversely 
proportional relationship of pressure and evaporation rate have been reported for 
droplet containing particles of this range (~80 nm). Moreover, we quantified the 
hysteretic energy barrier pinning each droplet.  
 
Reducing pressure was also found to promote crystallinity within the ring-stains. 
Reducing pressure to 500 mbar led to CCR evaporation which, in turn, resulted in the 
formation of hexagonal, close packed structures throughout the ring-stain, making this 
the “optimal” pressure. Further pressure reduction to 250 mbar had the opposite effect, 
leading to a disordered region at the exterior deposit edge, due to the more limited 
space at the wedge for particles to orient. 
 
Particle self-assembly at the area inside the rings (bulk of initial drop) was also probed 
and found to follow two distinct behaviours. In the “stick-slip” case, 750 mbar, groups 
of particle aggregates, resembling branches, formed due to weak “anchoring” events. 
When the pressure was further reduced, particulate monolayers were found in the same 
areas with increasing surface coverage. On top of these layers, particulate ripples 
formed and their height increased with reducing pressure. This phenomenon was 
attributed to quicker drying and therefore rapid recession of the TL due to reducing 





pressure. During this TL travel, weak local pinning events probably gave rise to the 
afore mentioned particle structures.  
 
These findings allow further insight into the coffee-stain mechanism and in particular 
they offer a means of controlling and promoting the crystallinity of the resulting ring-
stains. In turn, these well-defined, hexagonally packed crystalline rings could find 
potential use in various nanotechnological applications requiring specific patterned 
surfaces with nanoscale detail. 






Chapter 6 On particle shape and evaporation 
process and crystallisation  





In this chapter, the effect of particle shape on TL motion kinetics, ring-stain formation 
and nano-structuring within the resulting rings is probed. A wide range of shapes were 
investigated from symmetrical nano-spheres to highly irregular shaped carbon 
nanotubes (CNTs) and grapheme platelets, which were categorised according to aspect 
ratio. Initially, the effect of particle geometry on the evaporative behaviour (promotion 
of “stick-slip” or CCR) is presented. Additionally, the hysteretic energy barrier pinning 
the droplet in each case was calculated and was found to be proportional to particle 
aspect ratio. Subsequently, the nanostucturing mechanism of the particles at the TL 
was investigated. Coupling macroscale results (evaporation behaviour) with the nano-
structuring information led to the proposition of a particle self-assembly mechanism 
at the TL for all cases here. Essentially, wedge constraints and flow velocity were 
found to be the two main parameters affecting the self-assembly process and each 
particle shape was found to adapt differently to them. We hope these findings to act as 
the basis for future development within the field of surface patterning and consequent 
tailoring of this simple and inexpensive technique, coffee-stain phenomenon, to 
potential nanotechnological applications. 
  





6.1. Evaporative behaviour  
The effect of particle shape on the evaporation behaviour of nanosuspension drops was 
assessed first. To that end, the evolution over time of contact angle, 𝜃, and radius, 𝑅, 
for solutions containing particles of various geometries, namely graphene platelets, 
nano-spheres [36, 83] and carbon nanotubes (CNTs) [101] are compared in Figure 6.1. 
These particles were categorised according to aspect ratio using the formula [133, 
134]: 𝑎 ≡ 𝑧𝑚 𝑟𝑚⁄ , where 𝑧𝑚  and 𝑟𝑚  are the two semi-axes of length. The axis of 
revolution is what really defines these particles with CNTs revolving around their 
larger axis (𝑎 ≈ 100) and graphene platelets around their smaller axis (𝑎 ≈ 0.01). The 
third shape, spheres, are symmetrical and hence their aspect ratio is 𝑎 ≈ 1. The details 
of each particle in this comparison are summarised in Table 6.1. 
 
Table 6.1: Dimensions, aspect ratio, 𝜶, and bibliographic reference of the 
particles included in this comparison. 
Shape Length semi-
axis, 𝑟𝑚 (nm) 
Length semi-
axis, 𝑧𝑚 (nm) 
Aspect 
ratio,  𝛼 
Ref. 
Spherical  ~25 ~25 1 [36, 83, 93] 
Rod-like (CNTs) ~1 ~100 100 [101] 
Platelets 
(graphene) 











Figure 6.1:  Evolution over time of contact angle, 𝜽, (black) and contact radius, 
𝑹 , (blue) for free drying nano-suspension droplets of (a, b) 0.1% w/v nano-





spheres in ethanol [83, 93] and (c) 0.1 % w/v nano-spheres in water [36] on PTFE, 
(d) 0.25 % w/v CNTs in water on OTS-treated silicon [101],  and (e) 0.1 % w/v 
platelets in ethanol on PTFE. 
 
Figure 6.1 depicts the evaporation cycle for droplets containing (a-c) nano-spheres, (d) 
CNTs and (e) graphene platelets. Typical “stick-slip” evaporation can be readily 
identified in Figure 6.1 (a-c) corresponding to the drops containing nano-spheres. One 
interesting feature is readily apparent in these cases. During each “stick” event, the TL 
can be distinguished to slowly drift, in the first two cases corresponding to ethanol 
suspensions, Figure 6.1 (a-b), while it remains pinned in the water case Figure 6.1 (c). 
Since in all these cases similar in composition, hydrophobicity and roughness PTFE 
substrates were used, then we can deduce that the interactions between the liquid 
molecules, the substrate and the particles is the underlying reason for this difference. 
 
On the contrary, CNTs (Figure 6.1 (d)) appear to promote TL pinning, resulting in 
CCR evaporation. More specifically, 𝑅, remains pinned and 𝜃 decreases linearly for 
most of the evaporation cycle (ca. 110 sec.). At this point TL depins and retracts until 
full evaporation (~130 sec.). Lastly, graphene platelets exhibited a unique evaporation 
behaviour resembling that of “stick-slip”, to be discussed next. Evaporation under 
different regimes, “stick-slip” and CCR, should be a first indication of the impact of 
the particle geometry on TL pinning.  
 
In the last “stick-slip” case, Figure 6.1(e), the evaporation of a droplet containing 
graphene platelets exhibited a unique behaviour bearing some “stick-slip” 





characteristics. In more detail, during the first moments (~ 80 sec.), the droplet 
evaporates with constant 𝜃  and a receding 𝑅 , typical of CCA. As evaporation 
continues, the local viscosity at the TL should increase due to increasing particle 
concentration [83]. At approx. 80 sec., perhaps due to a surface defect and local fluid 
viscosity becoming sufficiently high, the TL pins with a preference to one side, while 
the other side of the TL “slips” to the next energetically favourable position. Notably, 
at this point, 𝑅 retracts sharply and 𝜃 jumps to a value higher than the initial one, 𝜃0 ≈
42𝑜 ; the main difference between this case and the rest of the “stick-slip” ones. 
Furthermore, at this point the system enters its first “stick” event during which the TL 
slowly drifts, inducing an outward fluid flow. In turn, this flow carries and deposits 
more particles at the TL where they enhance the pinning, typical of ethanol nanofluids 
[83, 93], until another “slip” event occurs. The rest of evaporation follows this unique 
“stick-slip” behaviour which results in the formation of concentric rings, to be 
presented later. This is the first, to the best of our knowledge, mention of this unique 
to graphene ethanol nanofluids evaporative behaviour.    
 
6.2. Triple line motion and evaporation kinetics 
Let us now focus our attention on the TL motion kinetics of each case. In this regard, 
we compare in Figure 6.2 the change in contact angle, 𝛿𝜃, and in contact radius, 𝛿𝑅, 
for the five first TL jumps in each “stick-slip” case (Figure 6.1 (a-c), (e)). We also 
present the average value, dashed lines, for each case. Both 𝛿𝑅 and 𝛿𝜃 were found to 
be almost double for the nano-sphere cases (triangles and circle) than for the platelets 





(diamonds) for each “slip” event. CNTs case is not presented here as it exhibits no TL 
jump due to CCR evaporation. 
 
 
Figure 6.2: Change in (a) contact angle, 𝜹𝜽, and (b) contact radius, 𝜹𝑹, for the 
five first jumps in each “stick-slip” case presented in Figure 6.1. The average 
value for each case is shown with dashed lines. 






In order to highlight the effect of particle geometry on TL motion kinetics, we plot in 
Figure 6.3 the change in contact angle, 𝛿𝜃, versus drop size (normalised contact radius, 
R/R0). No distinct pattern can be identified in the nano-sphere cases (all data sets 
except diamonds). 𝛿𝜃 is (apparently) random, with values varying up to ~50,  and 
jumps occuring for approximately 45 % of 𝑅0 (or evaporation cycle). On the other 
hand, the behaviour of platelets appears to be more consistent with jumps occurring 
for ~ 35 % of 𝑅0 . 𝛿𝜃 value fluctuates for ~2
o, roughly half that for nano-spheres. 
Additionally, as the droplet shrinks due to evaporation, the platelet droplet jumps 
(diamonds) appear to become smaller, contrary to any of the spherical cases. The 
smaller jumps should be indicative of both particle concentration at the TL and the 
hysteretic energy barrier, these two being directly linked [36]. Addition, the pinning 
barrier is directly related to the size of the ring [48]. Consequently, the graphene rings 
and hence the pinning barrier are expected to be the smallest in this comparison, to be 
shown later. We should also note here that the behaviour of the water-nanospheres 
suspension (circles) is slightly more consistent than the other two ethanol-nanospheres 
cases (triangles), possibly due to the different interactions between the solvent 
molecules and the substrate, leading to the relatively different evaporation kinetics 
[36].  
 






Figure 6.3: Change of contact angle, 𝜹𝜽, plotted against droplet size (normalised 
contact radius, 𝑹 𝑹𝟎⁄ ), for droplets containing platelets (diamonds) and 
nanospheres (all rest data points) from Figure 6.2. 
 
From the above, it is obvious that particle geometry has a significant impact on the 
droplet evaporation behaviour and 𝛿𝑅  and 𝛿𝜃 , especially when taking into 
consideration the CCR behaviour of the CNTs. As a result, it is only reasonable to 
assume that the magnitude of the hysteretic energy barrier, 𝑈, pinning the TL of each 
droplet is related to particle shape. As described in section 2.3, a pinned drying drop 
is out of thermodynamic equilibrium, with constant 𝑅 and decreasing 𝜃. Therefore, 
excess free energy per unit length, 𝛿?̅?, should accumulate. Upon 𝜃 reaching a critical 
value, 𝛿?̅? should attain the value of the barrier, 𝛿?̅? = 𝑈, and hence TL should “slip”. 
Since the values of both 𝑅 and 𝜃 are available from the data in Figure 6.1, we can 
estimate the average 𝛿?̅? required for de-pinning in each case, using equation 4.3. The 





surface tension, 𝛾, was measured using the pendant drop technique to be that of pure 
ethanol, ca. 0.024 N/m for the ethanol nanofluids and that of pure water, ca. 0.073 
N/m for the aqueous suspensions. 
From Equation (3.3), the excess free energy, per unit length of TL, 𝛿?̅? , can be 
calculated simply from 𝛿?̅? = 𝛿𝐺/2𝜋𝑅. The resulting 𝛿?̅? values were normalised with 
surface tension and plotted versus 𝛼 in order to directly compare the effect of particle 
shape on the pinning of the TL for every system presented in Figure 6.1 
 
 
Figure 6.4: Effect of particle geometry on the excess free energy per unit length, 
𝜹?̅? , accumulated in each system at the moment of the first jump. 𝜹?̅?  was 
calculated using the data in Figure 6.1 and normalised by surface tension of 
water, 0.073 N/m, for the aqueous solutions (square and circle points) and that of 
ethanol, 0.024 N/m, for the rest. 
 





Figure 6.4 depicts 𝛿?̅? 𝛾⁄  as a function of particle aspect ratio, i.e. geometry, and shows 
a proportional relationship between the two quantities. 𝛿?̅? 𝛾⁄  ranges between 8.5 ×
 10−7 𝑚 < 𝛿?̅? 𝛾⁄ < 1.0 × 10−4 𝑚. In more detail, platelets, 𝛼 ≈ 0.01, exhibit a de-
pinning energy of 𝛿?̅? 𝛾⁄ ≈ 2.2 ×  10−6 𝑚 . Nano-spheres, 𝛼 ≈ 1 , require an 
intermediate amount of energy, viz.  5.5 × 10−6  𝑚 < 𝛿?̅? 𝛾 <⁄ 1.8 ×  10−5 𝑚 , 
depending on the solvent and hence the contact angle. In this comparison, the 
nanosphere solutions act as the intermidiate link between the ethanol based platelet 
fluids and the water based CNTs one. Since the CNTs (𝛼 ≈ 100) drops exhibit CCR 
evaporation, then they are expected to require the highest, in this comparison, amount 
of energy for de-pinning to occur. Indeed, as it can be seen in Figure 6.4, CNTs 
(squares) attain much higher energy 𝛿?̅? 𝛾⁄ ≈ 1.0 × 10−4 𝑚. Although this energy is 
the highest in the system, however, it does not correspond to the first TL jump but to 
the highest attainable energy in the pinned system, just before drying, without the 
occurrence of any jump. We should note, that it is indicative of the high impact of the 
CNTs shape on TL pinning and also of the fact that the hysteretic energy barrier in this 
case should be higher and not attainable by the system in question (CCR).  
  
6.3. Ring stain patterns 
Optical micrographs of the resulting coffee-stain deposits left behind the evaporation 
of various nanofluids are shown in Figure 6.5, further highlighting the impact of 
particle shape on ring-stain formation. Since there were no ring-stain micrographs in 
Ref. [36], we include in the comparison in Figure 6.5 a typical ring-stain resulting from 





the evaporation of a water based nano-sphere drop, which we have presented 
previously in chapter 4.1. A series of concentric rings with a preferential pinning to 
one side, typical of “stick-slip” evaporation, can be identified to have formed from 
droplets containing platelets (Figure 6.5 (a)) and nano-spheres (Figure 6.5  (b, c, d)), 
with the platelets rings being the least uniform and defined. Furthermore, the water 
based nanosuspension, (Figure 6.5 (d)) exhibits a relatively different pattern in which 
the rings are not uniform and some triangular structures have formed at the liquid front, 
extensively discussed in section 4.1. The single rings seen in Figure 6.5 (e) and (f, g) 
resulted after the complete drying of nL and µL droplets containing CNTs, typical of 
CCR evaporation. We should note here that the deposit in Figure 6.5 (f) is wider, 
attributable to the multi-walled nano-tubes, MWNTs being less flexible than single-
walled nano-tubes, SWNTs (Figure 6.5 (g)) [100]. In another contribution, the addition 
of slightly irregular ellipsoids, 𝛼 = 2.5, 3.5, to an evaporating drop was reported to 
result in suppression of the coffee-stain effect due to particle assembly at the air-liquid 
interface which, in turn, acted as nucleation sites, thus effectively hindering the 
outward fluid flow and at the same time distorting the line shape. However, when 
surfactant (sodium dodecyl sulfate, SDS) was added to the system, it restored the 
coffee-stain formation mechanism [94]. Consequently, we can assume that the CNTs 
in Figure 6.5 (e-g) can pin the TL as either surfactant was added to their solutions or 
they have been functionalised in order to stabilise them [100-104, 135]. On the 
contrary, the other highly irregular case in this comparison, platelets, were pristine and 
no surfactant was used, yet “stick-slip” occurred. At this point we could surmise the 
following tentative description for the ring-stain formation in this case: The graphene 





platelets within the flow tend to “tumble”, similar to what has been reported for other 
kind of platelets in flows in a series of cases [136-139]. “Tumbling” should be capable 
of retarding the inter-particle attraction forces reported in Ref. [94], leading to TL 
pinning; the most important component in the coffee-stain formation mechanism. 
Nonetheless, random particle aggregates can be identified to have deposited in the 
areas between the rings, attributable to the “tumbling” retarding the inter-particle 
attraction forces only to some extent. A similar pattern has been reported when a 
droplet evaporated in the confined geometry of a sphere on flat system [140].   
 






Figure 6.5: Optical micrographs of the resulting ring-stains after the complete 
evaporation of a droplet of (a) ethanol containing 0.1% w/v graphene platelets on 
a PTFE substrate, (b, c) ethanol containing 0.1 % w/v TiO2 nano-spheres on a 
PTFE substrate [83, 93], (d) water containing 0.125 % w/v SiO2 nano-spheres on 
a silicon substrate [47], (e) water containing 0.25% w/v SWNTs on an OTS-
treated silicon substrate [101], (f, g) water on glass substrates containing 0.04 and 
0.02 % w/v MWNTs and SWNTs respectively [100]. Deposits in (a) – (d) are of 
same diameter ~𝟑 mm and the bars in (f, g) indicate 1 mm. 
 





6.4. Particle deposition and self-assembly mechanism 
In this section, we focus our attention on the structuring behaviour of each particle 
shape. Spheres show the tendency to form sequential close-packed, hexagonal and 
square regions in their attempt to achieve the most efficient packing in the limiting 
space of a meniscus [43-46], (discussed in detail in section 4.3). However, disordered 
regions at either side of the ring-stains have been reported in a number of systems [47-
49]. From the above, the two main ordering factors during the particle self-assembly 
process in coffee-stains become readily apparent: wedge constraints and fluid flow 
velocity, the two being directly linked each other. 
 
As described in section 2.5, the highly irregular CNTs have the tendency to orient 
themselves parallel to the drop periphery, due to wedge constraints. Moving towards 
the interior, the wedge constraints become weaker which in combination with the 
enhanced, due to pinning, outward capillary flow, result in a transition region. In this 
region some particles oriented themselves to the flow and some parallel to the TL. 
Further away from the TL, the wedge constraints become very weak or even 
negligible, thus the CNTs can orient themselves to the outward flow [100-102]. These 
different particle orientations further corroborate the impact of wedge constraints and 
fluid velocity on the particle self-assembly behaviour at a three-phase line. 
 






Figure 6.6: (a) Characteristic AFM topography image and (b) corresponding 3-
D representation of the resulting coffee-stain after free evaporation of 0.1 % wt. 
graphene-ethanol drop. (c) Average height profile obtained from a series of 
profiles taken perpendicular to the TL, an example one is shown in (a). Drop 
centre lies to bottom-right corner in all images. 
 
In order to assess whether fluid velocity and wedge constraints are significant for the 
self-assembly behaviour of graphene platelets, we experimentally probed graphene 
rings with AFM and SEM. Figure 6.6 depicts a typical topography image (a) and the 
corresponding 3D representation (b) of an area of the graphene ring. In this image a 
continuous but rather irregular, in shape, deposit with a slightly gentler slope to the 
exterior can be seen. The average height profile, Figure 6.6 (c), depicts the exact shape 
and size of the deposit, along with the rest of the features such as the gentle exterior 





slope and the sharper interior. This height profile was calculated from a series of 
profiles perpendicular to the ring-stain, an exemplary one is presented with a white 
line in Figure 6.6 (a). These deposits are the smallest in this comparison. Since TL 
deposits generally act as “artificial” defects pinning the contact line [78, 93], we can 
further explain the variety of 𝛿𝐺 ̅values presented in Figure 6.4. 
 
 
Figure 6.7: (a) Nano-structuring of graphene deposit (0.1% wt.) presented in 
Figure 6.7. (b) 3-D representation of the same area. 
 
A magnification of the graphene ring, Figure 6.7, shows further information about the 
self-assembly behaviour of the platelets at the TL. Although, the deposit remains 
irregular in shape, some valleys and humps can be distinguished on the ring. 
Additionally, some striations (especially clear in Figure 6.7 (b)) can be identified in 
some of parts of the ring, which are perpendicular both to the TL and the substrate. 
These striations do not appear to follow the scanning direction of the AFM probe, 
therefore the possibility of their being tip artefacts can be excluded. 







Figure 6.8: (a) SEM micrograph of 0.1 % wt. ring-stain and (b) close-up showing 
nano-structuring of the same ring. 
 
The effect of fluid velocity and wedge constraints on the self-assembly behaviour of 
graphene platelets was further examined with SEM. In Figure 6.8 (a), it is readily 
apparent that graphene platelets can bend which results in random folding which in 
turn results into irregularly-shaped deposits. In Figure 6.8 (b), some platelets can be 
seen to have deposited themselves perpendicular to the substrate, as explained above. 
This image further supports our nano-structuring findings, shown in Figure 6.7 and 
should allow us to draw some useful conclusions about the self-assembly behaviour of 
graphene platelets. 
 
Combining these nano-scale findings with the macro-scale ones presented above, we 
could determine how platelets self-assemble at the TL. During each “stick” event the 
platelets are carried to the TL due to the induced outward fluid flow [19]. As fluid flow 
velocity increases greatly near the TL [47, 49, 128, 141], the platelets should attain 
enough kinetic energy in order to overcome the wedge constraints, i.e. disjoining 





pressure. Furthermore, the platelets should “tumble” within the flow due to their highly 
irregular shape and flexibility [138, 139]. Therefore, they should feel weaker inter-
particle attractions, as the ones reported in Ref. [94]. The “tumbling” should also result 
in platelets depositing at the TL under random angles, which, considering their high 
bending, should lead to some of the platelets orienting perpendicular to the substrate. 
As the space at the TL is rather limited, the platelets arriving next should orient 
themselves in a similar fashion hence giving rise to the observed striations. As the ring 
continues to grow, some of the humps or valleys seen in Figure 6.7 were formed, 
possibly due to graphene folding. Eventually, the TL will jump to a new position 
essentially “freezing” the structures and making the interior slope sharper. 
 
6.5. Conclusions 
Particle shape was found to be an important parameter affecting the TL motion kinetics 
of evaporating sessile, nanofluid droplets. A wide variety of particle shapes 
categorised according to aspect ratio, 0.01 < 𝛼 < 100 , were examined. Graphene 
platelets, which was the system that was investigated experimentally in this chapter, 
corresponds to the smallest 𝛼. Nano-spheres were the intermediate case, 𝛼 ≈ 1 and the 
other extreme case was that of CNTs, 𝛼 ≈ 100. Nano-spheres exhibited typical “stick-
slip” evaporation behaviour, whereas platelets presented a unique behaviour 
resembling “stick-slip” and CNTs droplets evaporated under the CCR regime. TL 
motion kinetics of the “stick-slip” cases were assessed in terms of change in contact 
angle, 𝛿𝜃 , and radius, 𝛿𝑅 . Furthermore, 𝛿𝜃  was plotted versus normalised contact 





radius, 𝑅 𝑅0⁄ , and showed erratic behaviour for the nano-spheres and rather consistent 
for the platelets. The hysteretic energy barrier at the time of the first jump of each case, 
including CNTs, was calculated and plotted against the particle aspect ratio. This 
unveiled a proportional relationship between the two quantities. Nano-scale 
information further supported this finding. Extensive comparison of nanoscale 
information for each case allowed us to establish a particle deposition and self-
assembly mechanism consisting of mainly two factors: fluid flow velocity and wedge 
constraints. Each extreme particle shape adapted differently to these two factors, with 














Chapter 7 On particle flexibility and 
evaporation process and crystallinity 
 
 





In this chapter, we attempt to illustrate the relationship between particle flexibility and 
the underlying mechanisms of coffee-stain formation and particle deposition in the 
resulting patterns. As a model for particle rigidity, we chose DNA molecules as its size 
resemble those of nanoparticles. Two different DNA strands were used, a rigid and a 
flexible, rigid being shorter than the persistence length of the molecule and flexible 
being longer. Additionally, EDTA was added in some of the suspensions, as it is 
typically used in DNA solutions to collate any cation traces in the solution, thus 
hindering damages to the DNA chains. The effect of particle flexibility on the 
evaporation process was first probed. Rigid particles, in the presence of EDTA, were 
found to promote CCR, whereas all the other cases (short in the presence of EDTA 
and long both with and without EDTA) led to a three stage process.  Resulting patterns 
varied widely, from thin ring-stains with different particle deposition patterns mainly 
at their interiors to predominantly single thick ring deposits, owing to particle 
flexibility. This behaviour was attributed to a combination of increased DNA rigidity 
due to EDTA anions and a preference of EDTA to deposit at the centre of the drop, 
hence interfering with DNA mobility. Consequently, we quantified the hysteretic 
energy barrier which was found to be inversely proportional to particle length. Lastly, 
AFM was employed as a means to determine any nanoscopic feature within the 
resulting ring-stains. Notably, the pure DNA stains revealed different crystallisation 
process depending on particle flexibility.  
  





7.1. Evaporative behaviour and resulting ring-stains 
In order to investigate the effect of particle length and hence flexibility on droplet 
evaporation behaviour, deposit build-up and solute self-assembly within it, a series of 
free evaporation experiments were conducted using DNA suspensions. DNA was 
chosen for this study due to its dimensions being comparable to the nanoparticles 
discussed in previous chapters, diameters of relevant order of magnitude of a few nm. 
Additionally, a DNA molecule is considered to be cylindrical in shape with a diameter 
of approx. 2 nm and varying in length [111, 142]. In this work, a short and a long DNA 
strand were selected, with chain lengths of approx. 100 and 1000 base pairs (bp) or 34 
and 340 nm respectively. Base pairs are essentially nucleotide pairs; the building 
blocks of DNA, with typical size approx. 3.4 Å [111, 142]. Moreover, the length of 
the DNA molecule should indicate its flexibility. Effectively a DNA molecule can also 
be regarded as a polymer with bp acting as the monomer units. Therefore, borrowing 
from polymer principles, the length below which DNA can be considered rigid is 
called persistence length and is approx. 150 bp or 50 nm [112-114]. Therefore, the two 
chosen strands can be classified as stiff/rigid, 100 bp, and soft/flexible, 1000 bp. 
 






Figure 7.1 (a) Optical micrograph of the ring-stain deposit left behind the free 
evaporation of a 3µl, 1mM EDTA, aqueous droplet (b) Contact angle (triangles) 
and radius (squares) evolution over time of the droplet. Arrows correlate each 
pattern feature with their corresponding evaporation stage. 
 
Prior to examining the effect of the two different DNA strands on the coffee-stain 
formation mechanism, we investigated the behaviour of the base fluid, deionised water 
containing 1mM EDTA. EDTA is a substance commonly added to DNA solutions in 
order to protect them from degrading [143]. EDTA contains four separate carboxyl (–
COOH) side-groups, allowing it to collate metal cations, a process called chelation. 
Deionised water may contain traces of such metal cations, typically Mg2+ and Ca2+, 
which could potentially damage the DNA molecules [143].  
 
The evaporation behaviour and the resulting pattern of the base fluid are presented in 
Figure 7.1. These results should act as the basis to understand and interpret the more 
complex system of droplets containing EDTA and DNA molecules. Initially, in stage 
I, the droplet evaporates under the CCR mode. Possibly the thin ring-stain formed 
during this stage due to the induced outward flow [19]. Once the contact angle reaches 





a sufficiently small value, 𝜃 = 𝜃𝑟 (see sections 2.3 and 2.4), the evaporation enters 
stage II. During this stage, both 𝜃 and 𝑅 diminish simultaneously, resulting in the area 
with sparse solute accumulation (arrow II in Figure 7.1 (a)). Diminishing volume leads 
to increasing viscosity, locally, which, in turn, should result in a second and final CCR 
regime observed in stage III. During this stage, the majority of the solute, which is still 
suspended in the solution, is deposited on the surface in the pattern denoted by arrow 
III in Figure 7.1 (a). 
 
 
Figure 7.2 (a) Optical micrographs of the ring-stain deposits left behind the free 
evaporation of a 3µl, 1mM EDTA, aqueous droplet containing 0.01 % w/v (a) 100 
bp and (c) 1000 bp DNA molecules. Corresponding contact angle (triangles) and 





radius (squares) evolution over time of droplet containing (b) 100 bp and (d) 1000 
bp DNA strands. 
 
Figure 7.2 depicts the resulting pattern and the evaporation profile of droplets 
containing DNA strands of 100 bp (top row) and 1000 bp (bottom row). Short and 
rigid DNA molecules led to CCR evaporation Figure 7.2 (b). In the resulting pattern 
(Figure 7.2(a)), a thin ring-stain is readily apparent, attributable to the initial TL 
pinning (stage I). The resulting coffee-ring is too small to support the CCR evaporation 
profile. However, as it has been described in Chapter 6, rod-like particles are capable 
of pinning the TL of droplets strongly. In this case, perhaps, the rod-like DNA strands 
at the periphery of the droplet pinned the TL directly after deposition. In turn, this 
pinning induced an outward flow depositing the adjacent DNA particles to the TL. 
Nonetheless, as it was shown in Figure 7.1, EDTA tends to deposit at the centre of 
initial droplet, therefore it is hindering, to some extent, the outward mobility of DNA 
strands in the bulk. Hence, most of the particulate is deposited in the uniform area at 
the centre of the pattern (Figure 7.2(a)).  
 
On the other hand, Figure 7.2(d) shows that longer and hence flexible DNA molecules, 
1000 bp, followed the evaporation behaviour of the base fluid (water with EDTA, 
presented above). The resulting pattern (Figure 7.2(c)) also resembles that of the base 
fluid (Figure 7.1(a)). Compared to the base fluid, the transition from stage I to II is 
more distinct and sharp and TL retraction in stage III is more rapid. This rapid motion 
of the TL should result in the higher solute accumulation at the centre of the pattern, 
darker area. Furthermore, 𝜃  and 𝑅  diminish in a concave and a convex fashion 





respectively. From these results, we can surmise that EDTA is interfering with the 
coffee-stain formation mechanism, as it hinders DNA convection to the periphery. The 
above evaporative behaviours are consistent with what has been reported in the 
literature for much longer DNA chains, length of 48.5 kbp or ~ 16.500 μm [144] or 




Figure 7.3 (a) Optical micrographs of the ring-stain deposits left behind the free 
evaporation of a 3µl,  without EDTA, aqueous droplet containing 0.01 % w/v (a) 
100 bp and (c) 1000 bp DNA molecules. Corresponding contact angle (triangles) 
and radius (squares) evolution over time of droplet containing (b) 100 bp and (d) 
1000 bp DNA strands. 
 





As it became evident, using EDTA in the base fluid does not allow us to determine the 
exact evaporative behaviour of DNA strands with varying length/flexibility. 
Therefore, in the second part of this study, droplet evaporation experiments were 
repeated in the absence of EDTA. Results for the evaporation behaviour and resulting 
deposit patterns of the 100 and 1000 bp cases are presented in Figure 7.3 top and 
bottom row respectively. In both cases, an initial pinning occurred which then 
transitioned into a simultaneously decreasing 𝜽  and 𝑹  mode. However, some 
differences can be readily discerned in stage III. In the 100 bp case (Figure 7.3 (b)), 
when the evaporation enters stage III, the TL retracts continuously until full 
evaporation, whereas for the longer 1000 bp DNA molecules (Figure 7.3 (d)), 
evaporation enters a second CCR mode leading to full evaporation. In both of the 
resulting patterns a distinct, uniform ring deposit can be identified (Figure 7.3 (a) and 
(c) for 100 and 1000 bp respectively). Notably, in the 100 bp case some particulate has 
also deposited uniformly within the droplet, following the behaviour of 100 bp with 
EDTA case (Figure 7.2 (a)). In the flexible strands case, 1000 bp, a wider ring-stain 
formed with a second inner ring and some solute coverage within. In both cases, the 
ring-stain should have formed during the initial CCR event in stage I. Similar DNA 
coffee-rings have also been reported in the past [113].  
 
Considering the results for the samples with and without EDTA (Figure 1.2 and Figure 
1.3 respectively) we could surmise the following explanation for the observed 
evaporative behaviour: Generally, DNA strands tend to form coffee-stains as exhibited 





in both pure DNA cases in Figure 7.3 (a) and (c) and as reported elsewhere for much 
longer strands [113]. In the presence of EDTA, the stiff character of the 100 bp strands 
is enhanced by the presence of the dissolved EDTA anions. This surplus of anions 
increases the repulsion between the already negatively charged DNA chains, due to 
the phosphate backbone [146, 147], which in turn promotes their rigid rod-like 
behaviour. This leads to CCR evaporation, similar to CNTs [148]. On the other hand, 
the 1000 bp chains are, apparently, sufficiently long in order to overcome this 
limitation and possibly adopt a different conformation within the bulk (random walk 
model), hinting on a length-flexibility limit. However, none of these two cases exhibits 
a clear coffee-ring as EDTA is interfering with DNA mobility. This argument merits 
to be further probed by experimenting with a wider variety of DNA molecule lengths. 
 
7.2. Triple line motion kinetics 
In an attempt to elucidate the effect of particle flexibility on the coffee-ring formation 
mechanism, we quantify the excess free energy per unit length accumulated in each 
DNA system during the evaporation process using Equation 4.2.  
 
Results are plotted in Figure 7.4 for DNA systems in the presence (left) and absence 
of EDTA (right). The presence of EDTA leads to higher 𝜹𝑮 ̅  accumulation. This 
further supports our argument that in the presence of surplus EDTA anions, DNA 
strands become more rigid, and hence pin the drop stronger. In the rigid case, 100 bp, 





depinning never occurs and 𝜹𝑮 ̅increases until full evaporation attaining a maximum 
value of 𝜹𝑮 ̅ ≈ 𝟗. 𝟖𝟑 ×  𝟏𝟎−𝟔 N. On the other hand, in the flexible case, 1000 bp, a 
jump occurs when 𝜹𝑮 ̅ ≈ 𝟏. 𝟖𝟑 ×  𝟏𝟎−𝟔  N. After the jump, 𝜹𝑮 ̅ exhibits a small 
plateau and then increases exponentially again. The sharp decrease of 𝜹𝑮 ̅at the end of 
the evaporation cycle could be attributed to uncertainties in measuring 𝜽 and 𝑹. 
 
Focusing our attention to the pure DNA systems, Figure 7.4 (right), we see that 
𝜹𝑮 ̅follows a similar trend. The energy requirement for the initial depinning to occur 
decreases from 𝜹𝑮 ̅ ≈ 𝟗. 𝟓𝟔 × 𝟏𝟎−𝟕 𝑵  to 𝜹𝑮 ̅ ≈ 𝟕. 𝟑𝟐 × 𝟏𝟎−𝟕 𝑵  with increasing 
length/flexibility from 100 to 1000 bp respectively. Presumably, the effect of particle 
flexibility on the coffee-stain formation mechanism can be related to aspect ratio. As 
shown in  Chapter 6, the smaller the aspect ratio the lower the energy demand for a 
jump, if any (CCR), to occur. Similarly, increasing particle stiffness leads to higher 
hysteric energy barrier pinning the TL. Noteworthy, flexible DNA require a smaller 
amount of energy for depinning to occur than the graphene requirement, 𝜹𝑮 ̅ ≈ 𝟐. 𝟎 ×
 𝟏𝟎−𝟔 𝑵.  
 






Figure 7.4: Comparison of free energy per unit length, 𝜹?̅?, evolution for DNA 
cases in the presence (left) and absence of EDTA (right). 
 
7.3. Self-assembly mechanism 
In this section, we present our findings on particle nanostructuring for solutions of pure 
EDTA, pure DNA and mixtures of the two. As described in Chapter 4 and Chapter 5, 
particles exhibit interesting nanostructuring features at the TL, therefore it is the first 





point of focus for each case. Additionally, we present the structuring behaviour of 
particles in the interior of the droplets. 
 
7.3.1. Self-assembly of EDTA solutions 
 
Figure 7.5: (a) 10 × 10 μm2 topography image of the edge of the deposit (TL) left 
behind the evaporation of a 1mM EDTA aqueous droplet (b) Phase image of same 
area, scale bar is in degrees. (c) 5 × 5 μm2 topography image of the central area 
of the resulting pattern of same samples. (d) 3-D representation of same area. 
 
As the base suspension used in this study was 1mM EDTA in water, we first probed 
with AFM the self-assembly behaviour of EDTA within the resulting deposit. In more 
detail, at the edge of the deposit EDTA formed a small ring without any significant 
topographical features, seen in Figure 7.5 (a). However, some fibril structures are 





readily apparent in the phase image (Figure 7.5 (b)), which is basically measuring 
topometric and compositional variations on the sample surface [149]. This type of 
imaging is commonly used in DNA measurements [24, 150, 151]. Notably, fibrils can 
be seen at the exterior of the ring-stain (bottom part of Figure 7.5 (b)). The deposition 
of these structures on the exterior side of the deposit is indicative of dewetting or TL 
retraction occurring directly after droplet deposition. As there is no direct evidence of 
radius retraction in the evaporation evolution, presented in Figure 7.1 (b), we can 
stipulate that this dewetting event is below the resolution of the camera of the 
instrument. More specifically, dewetting probably occurs almost instantaneously and, 
at the same time, the TL travels very small distances (in the order of a few microns). 
In Figure 7.5 (c) and (d), the topography and the corresponding three dimensional 
representation of an area at the interior of the deposit show a thin fibril network 
covering most of the sample surface. On top of this network some solute islands, 
possibly EDTA aggregates, can also be identified as bright spots. 






Figure 7.6: (a) 5 × 5 μm2 topography image of the edge of the deposit (TL) left 
behind the evaporation of an aqueous droplet containing 0.01 % w/v of 1000 bp 
DNA strands with EDTA. (b) 3-D representation of same area. (c) 3-D 
representation combining information from both (a) and (b). Droplet interior lies 
to the left of each image. 
 
Having established the nanostructuring of EDTA, we then focused our attention on the 
self-assembly behaviour of the two DNA strands within the same base solution. In 
Figure 7.6, we present the 1000 bp with EDTA behaviour at the TL of the droplet. 
More specifically, in the topography image in Figure 7.6 (a), the beginning of the 





coffee-stain can be readily identified as the brighter area at the left side of the image. 
At the exterior, some particulate islands forming away from the droplet can also been 
seen. Some fibrils can be identified in the phase image in Figure 7.6 (b) and some 
horizontal striations attributed to tip artefacts. Both topographic and phase features 
have been combined in Figure 7.6 (c), which allows better observation of the results. 
Similar structures were found in the 100 bp with EDTA case without any remarkable 
differences and were therefore omitted. Considering the fact that EDTA exhibit a self-
assembly behaviour of fibrils, we cannot differentiate between the DNA and EDTA in 
these images. Therefore, it is evident that we need to focus our attention on the pure 
DNA samples in order to understand how DNA strands self-assemble within the 
resulting patterns. 
 
7.3.2. Self-assembly of pure DNA solutions 
 
Figure 7.7: (a) 5 × 5 μm2 topography image of the edge of the deposit (TL) left 
behind the evaporation of an aqueous droplet containing 0.01 % w/v 100 bp DNA 
strands without EDTA. (b) 3-D representation of same area. Droplet centre lies to 
the left of each image. 
 





Figure 7.7 (a) depicts the topography of the exterior edge of the coffee-ring left behind 
the free evaporation of droplets containing 100 bp DNA strands without EDTA. In the 
3-D representation of the same area (Figure 7.7 (b)) the actual shape of the ring deposit 
and various other features can be distinguished more clearly. The ring does not exhibit 
any particular structuring characteristics. Additionally, the slope increases rather 
sharply and some larger particle aggregates can be seen at the edge of the ring-stain, 
acting possibly as TL anchoring points. Outside the ring (right side of both images), a 
series of spherical particle islands can be identified, attributable to an initial dewetting 
(as discussed above). The phase image of this area did not reveal any particular particle 
features and was therefore omitted.  
 






Figure 7.8: (a) 10.0 × 10.0 µm2 topography image of the central area of the 
resulting pattern of the 0.01 % w/v of 100 bp without EDTA sample. (b) 5 × 5 μm2 
magnification of the area in the box in (a). (c) Mean height profile corresponding 
to line in (b). Droplet centre lies to the left of the images. 
 
Notably, Figure 7.8 (a) depicts a crystalline, dendrite-like structure which formed on 
top of possibly a particulate layer (brown regions), at an area near centre of the deposit 
pattern seen in Figure 7.3 (a). The resulting structure appears to have propagated from 
the centre of the deposit (left side of Figure 7.8 (a)) towards the exterior, due to the 
fact that dendrite formation is a diffusion-limited [105, 106]. The crystallisation 
mechanism of DNA could be explained as follows: Initially, some DNA strands near 





the centre of the drop are adsorbed on the droplet-substrate interface due to the higher 
population of DNA there and hence probability. These adsorbed strands should then 
attract and attach other DNA molecules which follow the random walk concept (i.e. 
diffusion), eventually giving rise to the dendrite in the same manner.  This could be 
the reason for the formation of the rather uniform pattern at the centre of the deposit 
in both 100 bp cases examined, presented in previous section. However, the AFM 
measurements were conducted after full evaporation of the droplet, therefore it is not 
possible to determine during which stage of the evaporation process these structures 
formed [105, 106]. A similar dendrite structure was reported for much smaller DNA 
strands (8 bp) [114]. Magnification of these crystalline structures (Figure 7.8 (b)) 
allowed the estimation of their dimensions. An average height profile of the dendrite 
structure is presented in Figure 7.8 (c) and its thickness was found to be 185.72 ±
25.37 nm. 
 






Figure 7.9: (a) 5 × 5 μm2 topography image of the edge of the coffee-ring (TL) left 
behind the evaporation of an aqueous droplet containing 0.01 % w/v of 1000 bp 
DNA strands. (b) Phase image of the same area. (c) 3-D representation combining 
information from both (a) and (b). 
 
In Figure 7.9 (a) the topography of the edge of the deposit is presented. An initial, 
rapid dewetting, as discussed above, occurs directly after the deposition as particulate 
can be seen outside the deposit, bottom right part of Figure 7.9 (a). The corresponding 
phase image, Figure 7.9 (b), unveils some interesting features on the self-assembly of 
DNA strands, which can be identified as bright fibrils. For better clarity, in Figure 7.9 
(c) the three dimensional representation of the topography of the same area is presented 





with an overlay of the phase image. During the initial, rapid dewetting, DNA appears 
to have self-assembled at the exterior with an orientation perpendicular to the TL, 
attributable possibly to the rapid motion of the TL stretching the molecules [24, 144, 
152]. Evidently, flexible DNA strands follow the previously proposed particle self-
assembly mechanism. Within the coffee-ring, the DNA strands appear to have 
orientated themselves mainly parallel to the edge of the ring, in an attempt to achieve 
the densest possible packing in the wedge constraints (see section 6.4). Some particles 
have oriented themselves perpendicular to the deposit edge, possibly due to the 
retraction of the TL, forcing the strands to align to its motion. Similar undulations of 
DNA strands oriented parallel to the TL were reported to have formed during the 
retraction of the TL of droplets containing larger DNA strands, observed with confocal 
microscopy [113]. Furthermore, a second region with mainly parallel to the TL particle 
orientations can be identified at a distance of approx. 1.40 microns, indicative of the 
fact that possibly the depinning of the TL does not happen “instantaneous”, thus 
allowing some degree of particle orientation. Away from the TL, near the top left 
corner of Figure 7.9 (a), DNA strands exhibit a mixture of orientations parallel and 
perpendicular to the TL as the wedge constraints become weaker and some particles 
can align to the flow (see section 6.4). 
 
 






Figure 7.10: (a) 15.0 × 15.0 µm2 topography image of the central area of the 
resulting pattern the 0.01 % w/v 1000 bp without EDTA case. (b) 5 × 5 μm2 
magnification of the area in the box in (a). (c) Mean height profile corresponding 
to line in (b). 
 
Figure 7.10 (a) depicts the topography image of the area formed at the centre of the 
pattern of the 1000 bp without EDTA sample, seen in Figure 7.3 (c). A number of 
spherical particle aggregates/islands can be easily discerned to have deposited 
randomly around what appears to be a network of structures with sharp edges. These 
islands are typical pseudo-dewetting structures (as the surface is still covered by liquid) 
[106, 153, 154]. Once a sufficient amount of these islands are found in close proximity, 





the network with the sharp edges is formed. The propagation and the sharp edges of 
this network are indicative of particle crystallisation following “faceted growth” [107, 
155]. Magnification on these crystalline structures (in Figure 7.10 (b)) allowed the 
estimation of their dimensions. The average height of the crystals was found to be 
18.62 ± 6.69 nm, presented in in Figure 7.10 (c). Lateral dimensions varied which is 
readily apparent in Figure 7.10 (a). Notably, these crystalline structures are different 
than the structures observed at the interior of the 100 bp without EDTA case (Figure 
7.8), indicating the flexibility effect on the crystallisation process. 
 
7.4. Conclusions 
Particle flexibility was found to play a major role in the evaporation process of sessile 
droplets containing DNA strands. DNA strands namely rigid (100 bp) and flexible 
(1000 bp), dissolved in aqueous solutions with and without EDTA, were examined. 
The base fluid, water with 1 mM EDTA, evaporated following an initial CCR stage, 
which then transitioned into simultaneously decreasing 𝜃  and 𝑅 , and consequently 
into a second CCR until full evaporation. The addition of the rigid DNA molecules 
resulted in CCR evaporation throughout the process. On the other hand, the more 
flexible 1000 bp strands, showed an evaporative behaviour similar to the base fluid. In 
the absence of EDTA, both the droplets containing the rigid and those containing the 
flexible strands evaporated following the same behaviour of initial CCR, then 
simultaneously decreasing of 𝜃 and 𝑅 and a second CCR periods. 
 





Resulting deposit patterns varied widely, as EDTA was found to interfere with DNA 
mobility. In the absence of EDTA, regular coffee-rings were formed, with flexible 
strands leading to wider rings. Quantification of the energy barrier pinning the droplets 
allowed some insight into the TL motion kinetics. In essence, the more rigid particles 
require higher amounts of energy for (any) depinning to occur.  
Additionally, the self-assembly behaviour of the strands within the resulting patterns 
was investigated. The base fluid, EDTA in water, resulted in the formation of fibril 
like structures which rendered the identification of DNA structuring impossible. On 
the other hand, both strands in pure DNA solutions showed different self-assembly 
behaviours, owing to their different degree of flexibility. To the best of our knowledge, 
this is the first report of particle flexibility on coffee-stain formation. Still, further 
experimentation with more DNA chain lengths are required to fully probe the issue.  
 




























Nanoparticle addition in evaporating sessile droplets resulted in unexpected results. A 
disordering region formed at the exterior part of the coffee-ring which has not been 
predicted or reported in the past. Experimentation with various deposition rates, 
controlled by lowering environmental pressure and hence increasing evaporation rate, 
allowed the promotion of crystallinity in the same region. Coupling experimental 
information with theoretical arguments allowed the proposition of a tentative particle 
self-assembly mechanism with mainly two components. Particle velocity was found 
to be the main ordering parameter whereas wedge constraints/disjoining pressure was 
the main disordering parameter. 
 
The applicability of the proposed particle self-assembly mechanism was tested further 
for more pressures. Interestingly, a limit on the deposition rate was found after which 
disordered patterns within the ring-stains appeared. This allowed us to propose a 
“recipe” for acquiring the best possible crystalline coffee-rings. Moreover, a power 
law relationship between pressure and evaporation for the nanofluid in question was 
found. Additionally, the hysteretic energy barrier pinning each droplet was calculated 
for all pressure and was found to be proportional to evaporation rate.  
 
Having established a “recipe” for the production of crystalline coffee-rings we then 
attempted to investigate if various particle geometries abide to it. The evaporation and 
self-assembly behaviours of various particle shapes, categorised according to aspect 
ratio, were compared. In short, nanospheres, graphene platelets and carbon nanotubes 





were examined. We found that the pinning strength increased with aspect ratio.  In 
addition, we thoroughly investigated the nanostructuring of each case with extra 
attention to the graphene structuring. We found that the particle self-assembly 
mechanism we proposed is applicable to all particle shapes giving it a universal 
character.  
 
Particle flexibility was the last parameter investigated and was found to be of 
paramount importance to the coffee-stain mechanism and the resulting patterns. Rigid 
and flexible particles evaporated differently and resulted in different deposit patterns. 
Comparison of the excess free energy accumulating in each system showed particle 
flexibility and hysteretic pinning barrier to be inversely proportional. Nanoscale 
investigation unveiled further indications of the importance of particle flexibility. 
Rigid particles exhibited no crystallinity at the edge of the coffee-ring whereas flexible 
particles followed the universal self-assembly mechanism we proposed. Interestingly, 
at the interior of the droplets each particle crystallised following a different path.  
 
8.2. Future work 
Although, the evaporation behaviour and nano-structuring of various particle shapes 
and other physical parameters of the processes were thoroughly investigated in this 
study, various questions remain elusive. In this section, concepts for future research 
are presented next. For example, the exact limit of particle diameter for the formation 





of a disordered region at the edge of coffee-rings should be examined. This could allow 
the refinement of the proposed particle self-assembly mechanism. 
 
Knowing the dimensions of the particulate deposit and the distance from the actual 
liquid front allows the indirect determination of the dimensions of the precursor film 
Additionally, verification with yet smaller, in diameter, particles as they could reach 
even closer to the actual liquid front is desirable as it could potentially allow even more 
accurate measurement of the precursor film dimensions. Knowing these dimensions 
should have a major impact on the modelling of droplets, may they be binary mixtures, 
suspensions etc. 
 
Having established a simple, yet applicable, particle self-assembly mechanism, further 
research into the nanostructuring of various particle shapes, e.g. graphene flakes and 
rods, within the same coffee-ring should be conducted. Furthermore, the effect of 
surfactants on the particulate self-assembly mechanism should be assessed. 
Potentially, knowing the above could lead into various nano-technological 
applications where bottom-up self-assembly is required, such as inkjet printing and 
optoelectronics. 
 
Furthermore, the behaviour of nanoparticles at the interface of a binary mixture of two 
different in volatility liquids should be investigated. This information could potentially 
be applied in heat transfer industrial applications where particle sedimentation and 
hence pipe clogging is not welcome.  






The study on DNA is rather inconclusive. Therefore, more DNA lengths should be 
investigated in order to fully comprehend the effect of particle flexibility on the 
resulting patterns. As the addition of EDTA proved to affect the flexibility of the 
chains and hence particle self-assembly, various concentrations of this molecule and 
of various salts, i.e. NaCl, producing cations should be investigated. This study could 
potentially lead to bio-sensing applications amongst others. 
 
Another area of molecules with interesting characteristics is that of polymers. 
Polymers can be varied in composition, sizes, branching etc., therefore the effect of 
them on coffee-stain formation and the resulting patterns should be probed. 
Applications of such systems could vary widely from photovoltaics to bio-medical, to 
name but a few. 
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